New physics signals of the electroweak chiral Lagrangian in vector boson scattering at the LHC by García García, Claudia
New Physics Signals
 of the
Electroweak Chiral Lagrangian
in
 Vector Boson Scattering
 at the
LHC
Claudia García García
Tesis   Doctoral
UNIVERSIDAD AUTÓNOMA DE MADRID
The research contained in this thesis has been developed by Claudia García García under
the supervision of Dr. María José Herrero Solans
Copyright © 2019 Claudia García García
September 2019
Memoria de Tesis Doctoral
NEW PHYSICS SIGNALS OF THE
ELECTROWEAK CHIRAL LAGRANGIAN IN
VECTOR BOSON SCATTERING AT THE LHC
CLAUDIA GARCÍA GARCÍA
Dirigida por la Dra. María José Herrero Solans,
profesora Catedrática del Departamento de Física Teórica de la
Universidad Autónoma de Madrid
Madrid, 4 de septiembre de 2019
Departamento de Física Teórica Instituto de Física Teórica
Universidad Autónoma de Madrid UAM-CSIC
A mi madre, por mis raíces,
y a mi padre, por mis alas...
...y viceversa.
LIST OF PUBLICATIONS
The research contained in this Thesis has lead to the following scientific articles:
[1] Probing the Higgs self-coupling in double Higgs production through vector
boson scattering at the LHC
E. Arganda, C. Garcia-Garcia, M. J. Herrero
Nucl.Phys. B945 (2019) 114687 [arXiv:1807.09736].
[2] Unitarization effects in EFT predictions of WZ scattering at the LHC
C. Garcia-Garcia, M. J. Herrero, R. Morales
[arXiv:1907.06668].
[3] Production of vector resonances at the LHC via WZ-scattering: a unitarized
EChL analysis
R. L. Delgado, A. Dobado, D. Espriu, C. Garcia-Garcia, M. J. Herrero, X. Marcano,
J. J. Sanz-Cillero
JHEP 1711 (2017) 098 [arXiv:1707.04580].
[4] Dynamical vector resonances from the EChL in VBS at the LHC: the WW case
R. L. Delgado, C. Garcia-Garcia, M. J. Herrero
[arXiv:1907.11957].
and conference proceedings:
[5] Collider phenomenology of vector resonances in WZ scattering processes
R. L. Delgado, A. Dobado, D. Espriu, C. Garcia-Garcia, M. J. Herrero, X. Marcano,
J. J. Sanz-Cillero
Conference proceeding, [arXiv:1811.08720].
[6] Resonant pp→W+Zjj events at the LHC from a unitarized study of the EChL
R. L. Delgado, A. Dobado, D. Espriu, C. Garcia-Garcia, M. J. Herrero, X. Marcano,
J. J. Sanz-Cillero
Conference proceeding, [arXiv:1805.04870].
Abstract
The Standard Model of fundamental interactions, albeit an incredibly elegant and
successful theory, lacks explanations for some experimental and theoretical open ques-
tions. Interestingly, many of these problems seem to be related to the electroweak sym-
metry breaking sector of the theory, whose dynamical generation is still unknown. Im-
portant questions such as what is the true nature of the Higgs boson, why is its mass
so light and so close to that of the electroweak gauge bosons or whether the properties
of this particle are the ones predicted in the Standard Model remain unanswered. The
LHC is our tool to unveil these mysteries and vector boson scattering processes are the
perfect window to access them, since they are considered as the most sensitive observ-
ables to new physics in the electroweak symmetry breaking sector. In this Thesis we
employ the effective electroweak chiral Lagrangian with a light Higgs, which assumes
a strongly interacting electroweak symmetry breaking sector, to perform a model inde-
pendent analysis of the phenomenology of vector boson scattering processes at the LHC
as well as to present quantitative predictions for the sensitivity to possible beyond the
Standard Model physics scenarios.
Resumen
A pesar de que el Modelo Estándar de las interacciones fundamentales es una de las
teorías más elegantes y exitosas en el contexto de la física de partículas, existen cier-
tas cuestiones tanto experimentales como teóricas que no es capaz de explicar. Muchas
de ellas parecen estar relacionadas con el sector de ruptura espontánea de la simetría
electrodébil, cuyo origen dinámico nos es aún desconocido. Preguntas tales como cuál
es la verdadera naturaleza del bosón de Higgs, por qué es éste tan ligero, estando su
masa tan próxima a la de los bosones gauge electrodébiles o si sus acoplamientos al
resto de partículas del Modelo Estándar son como los predichos por esta teoría todavía
deben ser contestadas. El LHC es nuestra herramienta para desvelar estos misterios y
los procesos de scattering de bosones vectoriales son la ventana perfecta para acceder a
ellos, ya que dichos procesos se consideran como los más sensibles a la posible nueva
física relacionada con el sector de ruptura espontánea de la simetría electrodébil. En
esta Tesis empleamos el Lagrangiano quiral electrodébil efectivo con un Higgs ligero,
que asume un sector de ruptura espontánea de la simetría electrodébil que interacciona
fuertemente, para llevar a cabo un análisis exhaustivo de la fenomenología de los proce-
sos de scattering de bosones vectoriales en el LHC, así como para presentar predicciones
cuantitativas de la sensibilidad de este experimento a algunos escenarios de física más
allá del Modelo Estándar.
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INTRODUCCIÓN
Existe un gran parecido entre intentar entender cómo funciona realmente la naturaleza
y buscar un tesoro. Lo primero que uno necesita en ambos casos, es, sin duda, un mapa.
Una guía fiable que apunte hacia las gemas enterradas, una base sólida desde la que
empezar.
En el caso de la física de altas energías, nuestro mapa es el Modelo Estándar de
las interacciones fundamentales [7–10] (SM de sus siglas en inglés), quizá una de las
teorías más exitosas de la historia de la ciencia. Este marco teórico, a pesar de ser en
principio simple, es capaz de clasificar todas las partículas elementales conocidas y de
describir tres de las cuatro fuerzas fundamentales a través de las que interaccionan: la
electromagnética, la débil y la fuerte.
El SM es una teoría cuántica de campos invariante bajo transformaciones locales o
gauge del grupo SU(3)C × SU(2)L ×U(1)Y, así como bajo transformaciones del grupo
de Poincaré (invariante Lorentz). También es, por construcción, renormalizable. Estos
principios de simetría dan lugar a la descripción de las interacciones del SM, mediadas
por sus correspondientes bosones gauge de spin 1. Las interacciones fuerte y electromag-
nética poseen mediadores no masivos y neutros: el gluón y el fotón, respectivamente.
Las interacciones débiles son mediadas, no obstante, por bosones vectoriales masivos: el
W+, el W− y el Z, cuyas cargas son, en unidades de la carga del electrón, uno, menos
uno y cero respectivamente.
El contenido de materia del SM se organiza en tres familias que contienen cuatro
fermiones cada una, siendo la única diferencia existente entre ellas la masa de las
partículas involucradas. Sin embargo, los fermiones de las tres familias poseen las mis-
mas propiedades (salvo la masa ya mencionada) y números cuánticos lo que hace que
esta teoría posea una estructura basada en tres copias idénticas cada vez más masivas.
Cada una de estas familias alberga dos quarks, uno con carga positiva y otro con carga
negativa, y dos leptones, uno con carga negativa y otro neutro. Este patrón de cuatro
fermiones por familia está fijado por las simetrías gauge ya que sin él no podría asegu-
rarse la cancelación de anomalías.
La última pieza del modelo (y también la última en ser observaba experimental-
mente) corresponde a un bosón escalar: el bosón de Higgs, remanente del proceso
de generación de masa incluido en el SM a través del mecanismo de Brougt-Englert-
Higgs [11–15] (BEH, o simplemente Higgs, como es usual encontrarlo en la literatura).
Este mecanismo ejemplifica cómo la ruptura espontánea de la simetría electrodébil
puede dar lugar a las masas observadas de los Ws, el Z y los fermiones a excepción
de los neutrinos, cuya masa en el SM es nula.
Con este contenido de partículas y estos principios de simetría puede construirse
el Lagrangiano del SM introduciendo ciertos parámetros cuyo valor ha de ser fijado
empíricamente. Dichos parámetros corresponden a los tres acoplamientos gauge, que
controlan la intensidad de las interacciones; las matrices de Yukawa, que albergan las
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masas y los mixings de los fermiones, y los dos parámetros asociados al potencial del
Higgs: su masa y su autoacoplamiento. Una vez que los valores de estos parámetros son
conocidos, el SM es capaz de predecir la mayoría de fenómenos que tienen lugar en la
física de partículas con extrema precisión.
No obstante, en este momento nuestro empeño por encontrar el preciado tesoro se
ve interrumpido: el mapa está incompleto.
A pesar de la impresionante precisión de las predicciones del modelo y del acuerdo
entre éstas y las medidas experimentales correspondientes, hoy en día sabemos que el
SM no puede ser la teoría que describa por completo la naturaleza, ya que no posee
explicaciones satisfactorias para varios fenómenos físicos que han sido observados en
las pasadas décadas ni para determinados prejuicios teóricos.
Los dos ejemplos más importantes de estos fenómenos aun por explicar son las os-
cilaciones de neutrinos y la existencia de la materia oscura, entre otros. Aunque los
neutrinos se consideren no masivos por construcción en el SM, se ha determinado exper-
imentalmente que en realidad han de poseer una masa no nula debido al hecho de que
oscilan en sabor [16–19]. Esto irremediablemente supone que física más allá del SM
(BSM) ha de ser considerada. Una de las formas más comunes de dotar a los neutrinos
de masa es extender el contenido de partículas del SM añadiendo neutrinos dextrógiros,
ausentes a priori en la teoría. Con estos nuevos campos es posible construir un término
de masa de Dirac para los neutrinos a través de su interacción con el bosón de Higgs, al
igual que sucede con el resto de fermiones. Estas nuevas partículas tendrían además la
peculiaridad de que podrían ser estados de Majorana, debido a sus números cuánticos,
de forma que podrían recibir parte de su masa de manera independiente al campo de
Higgs.
Por otro lado, evidencias astrofísicas y cosmológicas apuntan hacia el hecho de que
cierta materia invisible, que conformaría aproximadamente el 25% del contenido en-
ergético total del universo, ha de existir [20–27]. Esta materia oscura interacciona grav-
itacionalmente, pero las características de sus interacciones a través de las otras fuerzas
aun están por descubrir. Por esta razón, no existe un candidato apropiado en el SM a
partícula de materia oscura, y es necesario construir extensiones de la teoría que sí lo
alberguen.
En cuanto a los prejuicios teóricos que sufre el SM, es importante mencionar que no
se trata más que de eso: de prejuicios, llamados, normalmente, problemas de fine tuning
o de naturalidad [28]. Estos problemas se refieren a las medidas experimentales de
determinados parámetros del SM que han resultado ser más extremas de lo que se tenía
pensado sin ningún principio de simetría que ayude a explicarlas. En cualquier caso,
estas medidas podrían ser meras coincidencias; valores que la naturaleza ha elegido de
entre otros muchos posibles. Sin embargo, también podrían estar indicando que existe
física más allá del SM que aun no conocemos.
Uno de estos dilemas teóricos es el llamado strong CP-problem, o problema de la
violación de conjugación de carga y paridad (CP) en las interacciones fuertes. A pesar de
que en el sector de la interacción fuerte del SM puede añadirse un término que viola CP
en el Lagrangiano preservando el resto de simetrías, el momento dipolar magnético del
neutrón que se deriva de dicho término no ha sido observado aun. Este hecho impone
una cota al parámetro del Lagrangiano que controla la violación de CP en el sector
fuerte, el parámetro θ, que ha de ser más pequeño que 10−10 [29–35]. Ya que no hay
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ninguna explicación para un valor tan sumamente pequeño, éste puede interpretarse
como una pista hacia nueva física. Comunmente, se utiliza la conocida simetría de
Peccei-Quinn [36], cuya ruptura espontánea da lugar al axión (aun no observado), como
posible solución a este problema.
Otra de estas cuestiones es la que concierne al peculiar patrón de masas y mezclas
de sabor fermiónicos, es decir, a la estructura de las matrices de Yukawa. Las masas
de los fermiones del SM van desde la escala del MeV hasta cientos de GeV, y, aunque
los mixings (mezclas de sabor entre fermiones) en el sector de los quarks resultan ser
bastante jerárquicos, esto no sucede en el sector leptónico. Este misterio, así como la
existencia de tres y (por ahora) sólo tres familias se conoce como el puzle del sabor.
La última propiedad no deseada del SM que mencionaremos aquí es la del llamado
problema de las jerarquías. Éste se relaciona con el hecho de que en el SM el bosón de
Higgs es una partícula fundamental escalar cuya masa, desprotegida por las simetrías,
se introduce ad hoc en el Lagrangiano. Si apareciera nueva física por encima de la escala
electrodébil, el bosón de Higgs podría acoplarse a ella, y las correcciones radiativas a la
masa del Higgs resultarían ser cuadráticamente dependientes de la escala de la nueva
física. Si se asume que no hay física más allá del SM hasta la escala de Planck, del
order de 1019 GeV, a la cual se cree que la gravedad participa de forma relevante en
las interacciones entre partículas, el valor de la masa del Higgs se acercaría mucho a
dicha escala. No obstante, el valor observado difiere por muchos órdenes de magnitud
de esta cantidad: mH = 125.09± 0.21 (stat.)± 0.11 (syst.) GeV [37]. De hecho, la masa
del bosón de Higgs está muy próxima a la escala electrodébil, v = 246 GeV y por tanto
a las masas de los bosones gauge electrodébiles. Es por esto que una extraordinaria
cancelación tiene que darse entre la masa desnuda y las correcciones cuánticas para
poder obtener una predicción compatible con el dato experimental.
Debido a la existencia de los problemas descritos en los párrafos previos parece estar
claro que a nuestro mapa le falta la parte donde se encuentra enterrado el tesoro, y que
debemos explorar terra incognita lo mejor que podamos para conseguir encontrarlo.
Cuando se analizan los problemas del SM es interesante darse cuenta de que muchos
de ellos están o pueden estar relacionados con el sector de ruptura espontánea de la
simetría electrodébil de la teoría. En el SM, el campo de Higgs se interpreta como un
doblete complejo que desencadena la ruptura espontánea de la simetría electrodébil al
adquirir un valor esperado en el vacío invariante bajo interacciones electromagnéticas.
En este proceso, descrito por el mecanismo BEH, tres grados de libertad contenidos
en el doblete escalar, correspondientes a los bosones de Goldstone electrodébiles, se
manifiestan como las componentes longitudinales de los bosones gauge electrodébiles,
que adquieren así una masa. El otro grado de libertad aparece como una nueva partícula
presente en el espectro de la teoría: el bosón de Higgs.
Este mecanismo resolvía varias de las limitaciones del SM primitivo: además de
proveer una explicación para las masas de los bosones electrodébiles, que se sabían
no nulas debido al corto alcance de la interacción correspondiente, también aportaba
una forma de generar masas para los fermiones. Además, a través de él podía curarse
la violación de unitariedad presente en las amplitudes de probabilidad de scattering
de bosones electrodébiles masivos. Sin embargo, como ya ha sido comentado en los
párrafos anteriores, aun parece haber algo más allá del mecanismo de ruptura de la
simetría electrodébil del SM. Asimismo, tras el descubrimiento del bosón de Higgs [38,
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39], numerosas búsquedas experimentales se están centrando en recabar tantos datos
como sea posible para arrojar algo de luz sobre la verdadera naturaleza del sector escalar
del SM [37, 40–53], y, por lo tanto, es un excelente momento para investigar en esta
dirección.
Pero no sabemos hacia qué punto cardinal debemos extender nuestro mapa, así que
nuestro objetivo será hacerlo en la manera más general posible. Con este criterio ha-
ciendo de brújula, la opción más clara sería utilizar teorías de campos efectivas. Estas
teorías describen la dinámica a bajas energías de una teoría ultravioleta completa, siendo
esta última, en el caso que nos atañe, aquella que explicara los atributos desconocidos
del la ruptura de la simetría electrodébil. El hecho de que las teorías efectivas sean inde-
pendientes de modelos concretos reside en que la física a altas energías es codificada en
una serie de parámetros libres (a priori) de baja energía. Si estos parámetros se midieran
experimentalmente tendríamos acceso a pistas sobre la teoría ultravioleta completa.
Existen, sin embargo, varias maneras de emplear las teorías efectivas para describir
la dinámica de la ruptura de la simetría electrodébil. Lo primero que se viene a la
mente es sin duda utilizar el SM como punto de partida. Sin necesidad de extender
su contenido de partículas pero renunciando al criterio de renormalizabilidad, pueden
incluirse nuevos operadores en el Lagrangiano que respeten las simetrías requeridas.
Estos operadores, que poseen una dimensión energética mayor que cuatro, y que, por
tanto, están suprimidos por potencias correspondientes de la escala de nueva física, se
organizan en una expansión basada en su dimensión canónica. En este sentido entran en
juego nuevas estructuras motivadas por la presencia de física más allá del SM a energías
altas y que pueden modificar las interacciones relacionadas con el sector de ruptura de la
simetría electrodébil. Este marco teórico corresponde a la realización lineal de la ruptura
de la simetría electrodébil, en el cual el campo de Higgs y los bosones de Goldstone
forman un doblete de SU(2)L que interacciona débilmente. Los términos de orden más
bajo en la expansión coinciden con los términos del SM, y, por esta razón, esta teoría
efectiva suele llamarse SMEFT, de SM effective field theory, en inglés. La fenomenología
asociada al SMEFT ha sido (y está siendo), de hecho, ampliamente estudiada. Algunos
ejemplos de recientes análisis en este contexto pueden encontrarse en [54–73].
No obstante, puede construirse un escenario más general. Tomando como referencia
sólo el contenido de partículas y las simetrías del SM se llega a una nueva clase de teorías
efectivas en las que el bosón de Higgs es considerado un singlete del SM y puede ser por
tanto tratado de forma independiente a los bosones de Goldstone. Estos últimos sólo
poseen acoplamientos derivativos asociados a nuevas interacciones fuertes. Por lo tanto,
en este supuesto, el Higgs y los bosones de Goldstone no forman un doblete de SU(2)L,
y la ruptura de la simetría electrodébil es implementada de manera no lineal [74–86].
Los operadores contenidos en el Lagrangiano están organizados, en este caso, en una
expansion en potencias del momento externo debido al carácter derviativo de las inter-
acciones entre bosones de Goldstone, siento el Lagrangiano de orden más bajo aquel que
contiene términos con dos derivadas, el de siguiente orden aquel que contiene términos
con cuatro derivadas, y así sucesivamente. El campo de Higgs se introduce normalmente
a través de una función polinómica genérica, ya que sus interacciones no están limitadas
a acoplamientos derivativos. Este Lagrangiano no lineal o Lagrangiano quiral electrodé-
bil [87–99] (EChL de sus siglas en inglés), es llamado así en analogía al Lagrangiano
quiral en cromodinámica cuántica utilizado para explicar la dinámica de piones a bajas
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energías [100–102]. Además, el marco teórico lineal es realmente un límite específico
del caso no lineal, aunque la relación entre ambos es ciertamente no trivial [87, 99, 103].
En esta Tesis nos centraremos en la descripción de la dinámica de ruptura de la
simetría electrodébil dada por el EChL. En particular, estudiaremos las predicciones de
esta teoría efectiva y la posibilidad de testarlas en experimentos actuales y futuros. Para
ello, lo primero que debemos hacer es determinar los observables concretos en los que
las desviaciones con respecto al SM deberían observarse con mayor claridad. Ideal-
mente, acceder directamente a las interacciones entre bosones de Goldstone nos daría
la información que necesitamos, ya que estos representan el corazón del sector de rup-
tura de la simetría electrodébil. Sin embargo estas partículas no son físicas y no pueden
ser observadas experimentalmente. No obstante, debido a que conforman el grado de
polarización longitudinal de los bosones gauge electrodébiles, el scattering de estos úl-
timos, comúnmente conocido como scattering de bosones vectoriales [104–107] (VBS
de vector boson scattering), debería ser el mejor lugar para buscar las señales predichas
por el EChL. Además, ya que los acoplamientos de los bosones de Goldstone son propor-
cionales al momento externo de las partículas, la región de altas energías de los procesos
de VBS resultaría ser la más sensible a la nueva física. Debido a que basamos nuestra
hipótesis en la idea de que las interacciones puramente bosónicas deberían ser aquellas
que sufrieran mayores desviaciones provenientes de un sector de ruptura de la simetría
electrodébil más allá del SM, nos centraremos sólo en ellas. Asumiremos, por lo tanto,
que las interacciones que involucren fermiones permanecerán idénticas a como están
descritas en el SM.
Ahora que hemos determinado el observable con mayor potencial para descubrir
señales del EChL, la pregunta reside en qué experimento debería buscar dichas señales.
Llegados a esta pregunta la escala de energía típica del EChL entra en juego. Esta escala,
que controla las contribuciones cuánticas de la teoría, resulta ser 4piv ∼ 3 TeV (como
sucede de forma similar en el Lagrangiano quiral de las interacciones fuertes, donde
esta escala es 4pi fpi ∼1 GeV) lo cual motiva claramente la escala del TeV apuntando,
por tanto al Gran Colisionador de Hadrones (LHC de Large Hadron Collider). Además, la
producción de bosones vectoriales desde quarks (protones) iniciales da lugar a partículas
finales con unas características cinemáticas muy bien definidas que las hacen fáciles de
detectar. Esto supone una increíble ventaja a la hora de reconocer de manera eficiente
las topologías del VBS, facilitando su selección de entre otros procesos generados en el
LHC.
Sin embargo, cuando se analizan las predicciones de observables del VBS en el EChL
aparece una inconsistencia relacionada con la violación de unitariedad perturbativa. A
pesar de que la teoría ultravioleta completa debe ser unitaria para asegurar la conser-
vación de la probabilidad, la expansión perturbativa a bajas energías que da lugar a
la descripción de la teoría efectiva sufre, normalmente, problemas de violación de uni-
tariedad. En particular, esto sucede para los elementos de la matriz S que involucran
bosones gauge polarizados longitudinalmente, cuyas amplitudes de probabilidad cre-
cen anómalamente con la energía. Es por esto que la validez de la teoría efectiva se
pierde cerca del valor de la energía al cual se da la violación de unitariedad. En el
escenario no lineal es típica la aparición de resonancias pesadas generadas dinámica-
mente por las interacciones fuertes que curan el problema de la violación de unitariedad.
Las propiedades de estas resonancias, en algunos casos, pueden obtenerse directamente
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desde las predicciones de la teoría efectiva [3, 4, 86, 90–92, 94, 95, 98, 108–118] em-
pleando lo que se conoce como métodos de unitarización: prescripciones que permiten
tomar la predicción cruda de la teoría efectiva y convertirla en unitaria. Se sabe que
estos métodos funcionan también en el caso no resonante y que solo algunos de ellos
pueden acomodar la aparición de estados pesados en el espectro.
Llegados a este punto, podríamos decir que hemos extendido nuestro mapa del
tesoro y que hemos marcado con cruces los lugares donde hay más probabilidad de
encontrar el cofre enterrado, por lo que ahora nos toca cavar y agarrar las gemas.
Esta Tesis desarrolla un estudio fenomenológico de las implicaciones del EChL apoyán-
dose en VBS en el LHC como observable principal para ello. Con este propósito, se
caracterizan exhaustivamente las generalidades de los procesos de VBS tanto a nivel
de subproceso como en el contexto del LHC. La importancia que tuvieron este tipo de
configuraciones en el descubrimiento del bosón de Higgs motiva la primera parte del
análisis. En ella, el potencial de los procesos de VBS es utilizado para estudiar la pro-
ducción de dos bosones de Higgs con el objetivo de obtener una medida competitiva
del autoacoplamiento del Higgs en estos canales, complementaría a la obtenida a través
la fusión de gluones explorada comúnmente en la literatura [119–147]. Para ello se
consideran tanto el valor del SM como valores más allá del SM, siendo estos últimos
explicados por las nuevas interacciones introducidas por el EChL.
En la segunda parte se presta especial atención al problema de la violación de uni-
tariedad. Primero, debido a que existen varios métodos de unitarización que arreglan el
mencionado problema, llevamos a cabo por primera vez un análisis comparativo de sus
predicciones para el scattering elástico de WZ en WZ en el LHC. Estudiamos el impacto
de estos métodos en las cotas experimentales que pueden imponerse a los parámetros
del EChL y motivamos su uso combinado en el caso no resonante. Por otro lado, anal-
izamos el escenario resonante, en la que estados pesados se generan dinámicamente
desde las interacciones fuertes, que resulta ser diferente.
En la parte final de la Tesis empleamos el Método de la Amplitud Inversa [90–
92, 94, 95, 98, 111–113, 116], ampliamente conocido en el contexto de QCD a bajas
energías [148–151], para caracterizar señales de resonancias vectoriales en el WZ scat-
tering en el LHC. Cuantificamos la sensibilidad presente y futura de este experimento
a dichas resonancias en el canal de desintegración puramente leptónico de los bosones
gauge finales. Además, exploramos también el WW scattering y, dado que en este caso
la desintegración leptónica involucra dos neutrinos en el estado final, lo cual no per-
mite reconstruir de forma precisa las propiedades de las resonancias, estudiamos el caso
puramente hadrónico. Examinamos la región cinemática en la que los productos de
desintegración hadrónicos de los bosones vectoriales son detectados como un único jet
de radio considerable empleando técnicas modernas de reconstrucción de fat jets, como
son llamados. De este modo, proporcionamos la sensibilidad correspondiente a las reso-
nancias vectoriales en el WW scattering.
Esta Tesis esta organizada como sigue: En el Capítulo 1 se introducen los conceptos
básicos relacionados con la ruptura espontánea de la simetría electrodébil, incluyendo
la realización lineal y no lineal, así como las diferentes teorías efectivas que describen
la dinámica de dicha ruptura. Se hace especial énfasis en el EChL ya que corresponde al
marco teórico más general que puede construirse en este contexto. Se lleva también a
cabo una comparación ilustrativa entre esta teoría y su versión lineal, el SMEFT, y , por
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último, se discute el problema de la violación de unitariedad presente en este tipo de
teorías, así como las posibles maneras de solucionarlo.
El Capítulo 2 está dedicado a la caracterización del VBS. En él se motivan este tipo
de observables como uno de los canales más prometedores para descubrir nuevas in-
teracciones entre escalares para después presentar las predicciones tanto del SM como
del EChL de diferentes canales de VBS. La violación de unitariedad es caracterizada en
este contexto en términos del criterio de unitariedad sobre las ondas parciales. Tras
esto, se discute el VBS en el LHC, y en particular su cinemática asociada que será la
clave para seleccionar estos procesos de entre los muchos que tienen lugar en las coli-
siones del LHC. Finalmente, se resumirán brevemente las búsquedas actuales y futuras
de configuraciones VBS en el LHC.
En el Capítulo 3, se estudia la posibilidad de obtener una medida del autoacoplamiento
del Higgs a través de la producción de dos bosones de Higgs via VBS en el LHC. Este
estudio está motivado por el hecho de que los procesos VBS sufren muchos menos incer-
tidumbres teóricas que otros que también pueden llevar a medidas de este parámetro,
también llamado acoplamiento trilineal. En este Capítulo estudiamos escenarios en los
que el acoplamiento del Higgs toma valores tanto del SM como más allá, estando el
último caso contemplado en la prescripción del EChL. En este contexto, realizamos un
análisis exhaustivo de los eventos de la señal y de los posibles fondos en el LHC pre-
stando especial atención a la identificación de las configuraciones del VBS y a la recon-
strucción de los pares de bosones de Higgs para obtener sensibilidades competitivas a
valores del acoplamiento trilineal más allá del SM.
El Capítulo 4 contiene el estudio del impacto que diferentes métodos de unitarización
pueden tener en la interpretación de los datos experimentales en el caso no resonante.
Utilizamos el scattering elástico de WZ en WZ para ilustrar cómo las cotas impuestas a los
parámetros del EChL dependen fuertemente del método de unitarización empleado. Con
este objetivo, realizamos un análisis de canales de helicidad acoplados y seleccionamos
los cinco métodos de unitarización más comúnmente empleados en la literatura. Obten-
emos así las regiones de exclusión en el espacio de parámetros del EChL que correspon-
den a interpretar los datos experimentales con cada uno de los métodos y con todos
ellos combinados. Por lo tanto, proporcionamos la incertidumbre teórica asociada a la
determinación experimental de los parámetros del EChL debida a la elección del método
de unitarización.
En cuanto al Capítulo 5, en él se incluyen los resultados concernientes a la sensi-
bilidad del LHC en observables de VBS a resonancias vectoriales cargadas generadas
dinámicamente en el contexto del EChL. Las propiedades de dichas resonancias (masa,
anchura y acoplamientos a los bosones W y Z) se derivan del Método de la Amplitud
Inversa. Debido a la dificultad de introducir este procedimiento en un generador de
eventos de Monte Carlo, desarrollamos un modelo para MadGraph que reproduce el
comportamiento de las resonancias generadas dinámicamente. Con esta herramienta
cuantificamos la sensibilidad del LHC a estas resonancias cargadas para futuras lumi-
nosidades propuestas. Para ello, analizamos el scattering the WZ en WZ y, en particular,
su canal de desintegración puramente leptónico. También se presentan algunas estima-
ciones muy preliminares del caso hadrónico.
En el Capítulo 6 extendemos los resultados del Capítulo anterior al caso del scattering
de WW en WW, que da acceso a las resonancias vectoriales neutras. Dado que el canal
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puramente leptónico en este caso involucra dos neutrinos, la eficiencia de reconstruc-
ción de las propiedades de la resonancia se reduce considerablemente. Por esta razón
estudiamos el caso puramente hadrónico, y, más concretamente, la región cinemática
del mismo en las que cada par de jets provenientes de la desintegración de un W son
detectados como un único fat jet. Con la ayuda de técnicas de reconstrucción de fat
jets obtenemos la sensibilidad del LHC a estas resonancias vectoriales neutras generadas
dinámicamente.
Para finalizar, presentamos las principales Conclusiones de la Tesis al final de este
documento.
Los contenidos expuestos en esta Tesis, las Conclusiones y los Apéndices correspon-
den a trabajos originales que ha sido publicados en los artículos [1–4] y en los proceed-
ings de conferencias [5, 6].
Vamos a buscar el tesoro!
INTRODUCTION
There exists quite a resemblance between trying to understand how nature really works
and being in the search for a treasure. First things first, one needs a map. A reliable
guideline pointing you towards the buried gems, a solid base from which to start.
In the case of fundamental physics, our map is the Standard Model [7–10] (SM)
of fundamental interactions: perhaps one of the most successful theories in the history
of science. This framework, albeit a priori simple, classifies all the known elementary
particles and describes three of the four fundamental interactions among them: electro-
magnetic, weak and strong.
The SM is a quantum field theory invariant under local or gauge transformations of
the group SU(3)C × SU(2)L ×U(1)Y. It is also invariant under transformations of the
Poincaré group (Lorentz invariant), and it is, by construction, renormalizable. These
symmetry principles lead to the description of the SM interactions, mediated by their
corresponding gauge, spin 1 bosons. The strong and electromagnetic interactions have
massless and electrically neutral carriers: the gluon and the photon, respectively. Weak
interactions, on the contrary, are mediated by massive vector bosons, the W+, the W−,
and the the Z, whose charges are, in units of the electron charge, one, minus one and
zero.
The matter content of the SM is organized in three families, each of them containing
four fermions. The only existing difference between families concerns the masses of
the particles therein. The rest of their properties and quantum numbers remain the
same, embedding the SM fermions in a structure of three identical copies of increasing
mass. Every family accommodates two quarks, one with positive, and one with negative
charge, and two leptons, one with negative charge, and one neutral. This four-fermion
pattern in each family is in fact fixed by the gauge principle in order to ensure anomaly
cancellation.
The last piece of the theory, also the last one to be experimentally observed, consists
of a scalar boson: the Higgs boson, remnant of the SM mass generation process achieved
through the Brout-Englert-Higgs (BEH, or just Higgs, as it is often found in the literature)
mechanism [11–15]. This mechanism exemplifies how the spontaneous breaking of the
electroweak (EW) symmetry can give rise to the observed masses of the W, the Z, and
the fermions, with the exception of the neutrinos, that remain massless in the SM.
With this particle content and these symmetry principles the Lagrangian of the SM
can be constructed. It depends on several parameters that need to be fixed on an empir-
ical basis. These are the three gauge couplings, controlling the strengths of the gauge
interactions, the Yukawa coupling matrices, encoding fermion masses and mixings, and
the two parameters of the Higgs potential, the Higgs mass and its self-coupling. With
these parameters fixed, the SM is able to predict, impressively, most of the known phe-
nomena in particle physics with extreme accuracy.
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Nevertheless, our endeavour to find the precious treasure gets interrupted at this
point: the map is incomplete.
Despite the remarkable accuracy of the predictions of the theory, and of the agree-
ment between those and the corresponding experimental measurements, we know that
the SM cannot be the ultimate description of nature. It lacks satisfactory explanations
for diverse observed phenomena and for some theoretical prejudices.
Neutrino oscillations and the existence of dark matter are the most important exam-
ples of the former, among others. Although neutrinos are massless by construction in
the SM, it has been experimentally stated that they must have non-zero masses due to
the fact that they oscillate in flavour [16–19]. Thus, the SM cannot account for neutrino
masses, and physics beyond the SM (BSM) has to be addressed. A common way to give
masses to these particles is to extend the SM particle content by adding right handed
neutrinos, absent in the SM. With these new fields one can construct Dirac mass terms
for the neutrinos through their interaction with the Higgs boson in the same way as for
the rest of the SM fermions. Nevertheless, due to the quantum numbers of these new
states, neutrinos could be Majorana particles and have another source of mass, indepen-
dent from the Higgs field.
On the other hand, astrophysical and cosmological evidences point towards the fact
that some invisible matter, amounting to more than 25% of the total energy content of
our universe, needs to exist [20–27]. This dark matter interacts gravitationally, but the
whereabouts of its interactions via the other three fundamental forces are yet unknown.
For this reason, there is no suitable candidate for dark matter in the SM, and, so, exten-
sions of the latter are constructed.
Regarding the unexplained theoretical prejudices that the SM suffers, it might be
important to mention that they are only that: prejudices. They are often addressed
as fine tuning or naturalness [28] problems: measurements of extreme values of SM
parameters without any symmetry criterion or explanation behind them. They could be,
in any case, just mere coincidences; values that nature has chosen among many possible
others. Nevertheless, they might serve us a guidance towards understanding what is
beyond our current interpretation of the physical world.
One of these naturalness problems is the so-called strong charge conjugation-parity
(CP) problem. Although the strong interactions allow for a CP violating term in the La-
grangian, the electric dipole moment of the neutron induced by it has not been observed
yet. This sets bounds on the parameter that controls CP violation in the strong sector,
the θ parameter, implying that it has to be smaller than 10−10 [29–35]. Since there is no
explanation for this extremely small value, one can interpret it either as a fine tuning or
as a hint towards BSM physics. In the latter case the well known Peccei-Quinn symme-
try [36], whose spontaneous breaking gives rise to the yet undiscovered axion particle
is commonly employed as a possible solution to this problem.
Another of these problems is the one concerning the peculiar pattern of fermion
masses and flavour mixings in the SM, i.e., the structure of the Yukawa matrices. Fermion
masses span from the MeV scale to hundreds of GeV and, although the flavour mixings
in the quarks sector tend to be very hierarchical, this is not the case in the lepton sec-
tor. This mystery, together with the existence of three and (so far) just three families is
known as the flavor puzzle.
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The last theoretically undesired property of the SM model listed here is the hier-
archy problem. It relates to the fact that, in the SM, the Higgs boson is a fundamental
scalar, whose mass, unprotected by any symmetry, is introduced ad hoc in the Lagrangian.
Should some new physics appear above the EW scale, the Higgs boson would in principle
couple to it, and the radiative corrections to the Higgs mass would result to be quadrat-
ically dependent on the new physics scale. Under the assumption that there is no new
physics until the Planck scale, of the order of 1019 GeV, where gravity is supposed to par-
ticipate relevantly in elementary particle interactions, the Higgs mass value would be
pulled towards the Planck mass. However, the observed value of the Higgs mass differs
from this scale by many orders of magnitude: mH = 125.09± 0.21(stat.) ± 0.11(syst.)
GeV [37]. It is, in fact, very close to the EW scale, v = 246 GeV itself, i.e., very close to
the EW gauge boson masses. Thus, an extremely precise cancellation must take place
between the bare mass and the quantum corrections in order to obtain a prediction that
is compatible with the experimental data.
As a consequence of the existence of all these problems, it seems clear that our map is
lacking the part where the treasure is buried, and that we need to explore terra incognita
the best we can to be able to find it.
When analyzing the SM problems presented above, it is interesting to notice that
many of them are or could be related to the electroweak symmetry breaking (EWSB)
sector of the theory. In the SM, the Higgs field is interpreted as a complex doublet
that triggers the spontaneous EWSB when acquiring a vacuum expectation value (vev),
v = 246 GeV, being this vacuum invariant under the electromagnetic symmetry group.
In this process, described by the BEH mechanism, three of the degrees of freedom con-
tained in the scalar doublet, the EW Goldstone bosons (GBs), manifest themselves as the
longitudinal polarization of the EW gauge bosons, that acquire a mass. The other degree
of freedom appears in the particle spectrum as the Higgs boson.
This mechanism solved various shortcomings of the primitive SM: it provided an ex-
planation for the EW gauge boson masses, known to be finite due to the short range
character of the electroweak interactions, as well as an explanation for the fermion
mass generation. Besides, it cured the unitarity violation present in the probability am-
plitudes of the scattering of massive EW gauge bosons. Nevertheless, as it has been
commented in the previous paragraphs, there appears to be something beyond the SM
EWSB mechanism that needs to be further explored. Besides, after the discovery of the
Higgs boson [38, 39], experimental searches are focused on mustering data that could
shed some light into the true nature of the scalar sector of the SM [37, 40–53], and,
thus, it is very timely to investigate in this direction.
But we do not know towards which cardinal point we should extend our map, so
our aim will be to do it in the most general way as possible. With this criterion as our
compass, the most clear option is to use effective field theories (EFT). These theories
describe the low energy dynamics of a complete, ultraviolet (UV) theory, being this
latter, in the present case, the one that might explain the unknown features of EWSB.
Their model independence resides in the fact that the high scale physics remains encoded
in low energy constants, that are, a priori, free parameters. Should these parameters be
determined experimentally, a hint towards the complete UV theory will be accesible.
There are, however, several ways to use EFTs to describe the EWSB dynamics. The
first thing that might come to mind is to use the SM as a starting point. Without extend-
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ing its particle content but giving up the requirement of renormalizability, new operators
can be included in the Lagrangian respecting the symmetries of the theory. These opera-
tors, that have an energy dimension larger than four, and that are therefore suppressed
by corresponding powers of the new physics scale, are organized as an expansion in
canonical dimension. In this sense, new structures motivated by the presence of some
new physics at a higher scale, and that can modify the EWSB interactions, come into play.
This framework corresponds to a linear realization of the EWSB, in which the Higgs field
and the Goldstone bosons form a weakly interacting SU(2) doublet. The leading order
(LO) Lagrangian in this scenario is the SM Lagrangian itself, and, so, this EFT is often
dubbed SMEFT. Its interesting associated phenomenology has been (and is being) in fact
extensively studied. Some examples of recent analyses can be found in [54–73].
Nevertheless, a more general setup can be constructed. Taken as reference only the
SM particle content and symmetry principles leads to a new class of EFTs, in which the
Higgs boson is considered as a SM singlet so it can be treated independently of the
EW Goldstone bosons, the latter having only derivative couplings, and being associated,
in principle, to new strong interactions. Thus, in this scenario, the Higgs and the EW
Goldstone bosons do not need to form an SU(2) doublet and the EWSB is implemented
non-linearly [74–86]. The operators contained in the Lagrangian are organized as an ex-
pansion in powers of the external momentum, due to the derivative character of the EW
Goldstone boson interactions, being the LO Lagrangian the one containing terms with
two derivatives, the NLO Lagrangian the one containing terms with four derivatives, and
so on. The Higgs field is often introduced via a generic polynomial function, since their
interactions are not limited to derivative couplings. This non-linear Lagrangian is called
electroweak chiral Lagrangian [87–99] (EChL) is named after the chiral Lagrangian de-
veloped in the context of quantum chromodynamics (QCD) describing the low energy
dynamics of pions [100–102]. Moreover, the linear case is, in fact, a specific limit of the
EChL, albeit the relation between the two is not trivial [87, 99, 103].
In this Thesis we will focus on the EChL description of the dynamics of the EWSB. In
particular, we will study the predictions of such theory and their testability in current and
future experiments. To this aim, the first thing to be done is to determine the particular
observables in which the deviations from the SM predictions should be best observed.
Ideally, we would like to test directly the interactions among EW Goldstone bosons,
since they are the heart of the EWSB sector. Nevertheless, these are unphysical particles
that are not present in the spectrum, so we need to probe them indirectly. Since they
manifest through the longitudinal components of the EW gauge bosons, the scattering of
the latter, most commonly known as vector boson scattering [104–107] (VBS), should
be the finest place to look for signals of the EChL. Besides, as the EW Goldstone boson
couplings are proportional to the external momentum, the large energy region of the
VBS processes ought to be the most sensitive one to new physics. Since we base our
hypothesis in the idea that the purely bosonic interactions should be the ones suffering
from strongest deviations coming from a BSM EWSB sector, we will focus only on them.
Thus, by assumption, we will take the fermionic interactions as the ones in the SM, for
simplicity.
The question now is at what experiment should we look for these signals. Here, the
typical energy scale of the EChL comes into play. This scale is the one controlling the
contributions of the quantum corrections of the theory, and results to be 4piv ∼ 3 TeV,
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equivalently than in the low energy QCD case where this scale, arising from chiral per-
turbation theory, is expected to be 4pi fpi ∼ 1 GeV. Thus, the TeV scale is motivated,
pointing us towards the Large Hadron Collider (LHC). Furthermore, the production of
vector bosons from quark (proton) initial states leads to final state particles with very dis-
tinctive kinematics which are also easy to detect. This signature supposes an incredibly
powerful tool to recognize the VBS topologies very efficiently from the collision products,
facilitating our task of studying these processes.
But an inconsistency arises when analyzing the predictions obtained from an EFT:
that of violation of perturbative unitarity. Although the UV complete theory must be
unitary to ensure probability conservation, the perturbative expansion at low energies,
giving rise to the EFT description, usually suffers from unitarity violation problems. This
happens, in particular, for the S-matrices that contain longitudinally polarized gauge
bosons, whose probability amplitudes grow anomalously with energy. Thus, the validity
of the EFT framework breaks down near the energy value at which perturbative unitarity
is lost. In the non-linear scenario, the typical appearance of heavy resonances in the
spectrum, arising from the strongly interacting dynamics, cures the unitarity violation
problem. The properties of these resonances can be, in some cases, predicted from the
EFT itself by using unitarization methods [3, 4, 86, 90–92, 94, 95, 98, 108–118]. These
are prescriptions that drive unitary the raw, non-unitary EFT prediction, allowing us to
have consistent and testable results. These unitarization schemes are known to work
in the non-resonant scenarios as well, and only some of them can accommodate the
presence of a new heavy state.
At this point, we have extended the map in the hunt for our treasure. We have
marked with crosses the points in which the cache could be most likely buried. Now it
is time to dig in the dirt and grasp the gems.
In this Thesis, a phenomenological study of the EChL implications is carried out, rely-
ing upon VBS at the LHC as the main observable to do it. To this purpose, the generalities
of VBS processes are exhaustively characterized both at the subprocess level, with initial
gauge bosons, and at the LHC, with protons as initial state particles. The importance
that such configurations had in the discovery of the Higgs boson motivates the first part
of the present work. The discovery potential of VBS is used to study double Higgs pro-
duction signals in order to test the feasibility of obtaining a competitive measurement of
the Higgs self-coupling in this channel, as a complementary approach to the usual gluon
gluon fusion scenario commonly explored in the literature [119–147]. The SM value
and BSM choices for such coupling are considered, being the latter potentially explained
by new EChL interactions.
In the second part, special attention is payed to the violation of perturbative unitarity.
First, since there are many different unitarization methods that can be used to cure
the mentioned problem, we perform, for the first time, a comparative analysis of their
predictions for the elastic WZ scattering at the LHC. We study the impact these methods
have on the experimental constraints that can be imposed on the EChL parameters, and
motivate their combined use in the non-resonant case. On the other hand, the resonant
scenario, in which a resonance is generated dynamically as it is characteristic of strongly
interacting theories, is different.
In the final part of the Thesis, we use the Inverse Amplitude Method (IAM) [86, 90–
92, 94, 95, 98, 111–113, 116, 152–154], well known in the context of low-energy
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QCD [148–151, 155], to characterize vector resonance signatures in elastic WZ scatter-
ing at the LHC. We quantify the current and future LHC sensitivity to these resonances in
the purely leptonic decay channel of the final gauge bosons. Besides, we explore as well
the WW scattering. Since, in this case, the purely leptonic final state involves two neutri-
nos, disallowing to reconstruct accurately the resonance properties, we study the purely
hadronic scenario. We examine the kinematical region in which a gauge boson hadronic
decay products are detected as a single, large-radius jet, through the use of modern fat
jet reconstruction techniques. In this way we provide the corresponding sensitivity to
EChL vector resonances in the WW channel.
The present Thesis is organized in the following way: In Chapter 1 we briefly review
the main features of EWSB, including its possible linear and non-linear realizations, and
the different EFTs describing new EWSB dynamics. We make special emphasis in the
EChL, since it corresponds to the more general framework that can be constructed in
this context and since it is the one this Thesis is devoted to. We make an illustrative
comparison between this theory and the linear version, the SMEFT, and, finally, address
theoretically the unitarity violation problem present in these setups as well as some of
the different possible ways to repair it.
Chapter 2 is devoted to VBS characterization. We motivate these observables as
one of the most likely discovery channels of new scalar interactions. Then, the SM
and the EChL predictions for the various VBS channels, VV→VV, are presented and
studied. Unitarity violation in this context is quantified as well, in terms of the partial
wave unitarity criterion. The LHC case is also reviewed in this Chapter. The specific
kinematics of VBS topologies at the LHC are illustrated, as they should be the key to
disentangle these processes from the other ones produced in the LHC collisions. Finally,
the current and future experimental searches looking for this kind of configurations are
discussed.
In Chapter 3 the possibility of achieving a measurement of the Higgs self-coupling
through double Higgs production in VBS at the LHC is addressed. We motivate this
particular channel since it owns moderately large event rates and suffers from small the-
oretical uncertainties. We study scenarios in which this coupling can take SM or BSM
values, being the latter case contemplated in the EChL as a possible modification to the
EWSB mechanism. Within this setup, we perform a dedicated analysis of signal and
background LHC events, paying special attention to VBS identification and HH recon-
struction techniques, in order to obtain competitive sensitivities to BSM values of the
Higgs self-coupling.
Chapter 4 contains the study of the impact that different unitarization methods can
have on the interpretation of experimental data in the non-resonant scenario. We use
the elastic WZ scattering to illustrate how the constraints imposed on EChL parameters
strongly depend on the unitarization method that is used. To this aim, we rely on a
coupled analysis of the helicity channels involved and select five of the most commonly
used of these unitarization schemes. We obtain the exclusion regions in the EChL param-
eter space that correspond to interpreting the experimental results with each of these
methods at a time and with all of them combined. Thus, we provide a theoretical uncer-
tainty in the determination of the EChL parameters due to the choice of the unitarization
method.
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Regarding Chapter 5, it includes the results concerning the sensitivity to charged
vector resonances from the EChL in VBS at the LHC. These resonances are assumed,
as previously mentioned, to be generated dynamically from the self interactions of the
strongly interacting longitudinal gauge bosons. The properties of the vector resonances,
mass, width and couplings to the W and Z gauge bosons are derived from the IAM. Due
to the difficulty that introducing this procedure in a Monte Carlo generator represents,
we develop a MadGraph model that mimics the behaviour of the IAM resonances. With
this tool, we quantify the sensitivity of the LHC to these charged resonances for expected
future luminosities. To that purpose, we analyze the WZ scattering, and, in particular,
its purely leptonic decay channel. Some very naive estimates of the hadronic channel
are also provided.
In Chapter 6, we extend the results of the previous Chapter to the WW case, which
gives access to the neutral vector resonances. Since the purely leptonic decays of these
gauge bosons involve two neutrinos, the efficiency of reconstructing the resonance prop-
erties diminishes significantly. This is the reason why we study the purely hadronic case.
Specifically, we are interested in the kinematical region in which each of the jet pairs
coming from the decay of the gauge bosons are identified as a single, large-radius jet.
With the help of up to date reconstruction techniques of these so-called fat jets, we obtain
the sensitivity to the dynamically generated neutral vector resonances in this channel at
the LHC.
To finalise, we present the main Conclusions of this work at the end of the present
document.
The contents presented in this Thesis, the Conclusions and the Appendices, are origi-
nal works that have been published in the scientific articles [1–4] and in the conference
proceedings [5, 6].
Let us dig for the treasure!
1 EFFECTIVE THEORIES FOR ELECTROWEAK
SYMMETRY BREAKING
Since the discovery of the electroweak force the fact that its carriers should be massive
was clear, as it was known to be a short-ranged interaction. However, the EW theory
explaining the weakly interacting phenomena, could not account for W and Z masses
without spoiling gauge invariance. The same happened with fermion masses. Their
presence in the Lagrangian was just not allowed by the gauge symmetries. Therefore,
a breakthrough was needed in order to allow the SM to include the observed particle
masses.
This breakthrough would arise from an idea that only a genius or a fool could have:
that of breaking a symmetry without breaking the symmetry. This geniality is known
as spontaneous symmetry breaking (SSB), and it takes places when the vacuum state of
a theory does not exhibit the same invariance as the complete Lagrangian. Although it
may sound strange at first, SSB is a rather common phenomenon in nature. The typical
example that is used to illustrate it is that of a ball sitting at the top of a hill. In this case,
the system is rotationally invariant, since there is not a privileged direction for the ball
to roll down along. Nevertheless, once the ball has fallen down, a particular path has
been chosen, and the symmetry is spontaneously broken. In fact, when the ball is placed
at the bottom of the hill, it sits in just one of the infinite possible vacuum states, all
degenerate in energy and connected through transformations of the broken symmetry
(rotations).
A very similar mechanism to the one described by the ball-in-a-hill example can be
implemented in the EW theory, such that masses for the fermions and gauge bosons are
generated without giving up gauge invariance. This is the Brout-Englert-Higgs mecha-
nism [11–15], in which a scalar SU(2)L doublet is introduced so that its vacuum state
breaks spontaneously the EW symmetry.
Nevertheless, very specific conditions have to be fulfilled by the Higgs potential in
order for it to acquire a vacuum expectation value that can break the SU(2)L ×U(1)Y
symmetry in an adequate way. In other words: the Higgs potential has to be similar to a
hill-shaped potential. Thus, the BEH mechanism, despite its brilliance, only describes the
spontaneous breaking of the EW symmetry, but does not account for an explanation of
the underlying dynamics. It supposes an elegant and clever way to describe the process
through which fermions and gauge bosons acquire their masses but lacks an explanation
of the true origin of the EWSB mechanism. For this reason, there is a necessity of BSM
theories that can elucidate the dynamics of the EWSB sector.
Nowadays, there exist a large number of SM extensions that try to give an expla-
nation for the dynamical origin of EWSB. With the aim of finding the one that really
incorporates the correct interpretation of nature, we could just take them all one by one,
compute their predictions, and test them at particle experiments. However, this is not
likely to be very efficient. It will be equivalent to take a large number of different exten-
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sions of your initial map, each of them indicating different treasure locations, and start
digging hoping to get a little lucky.
Another possibility is, nonetheless, to extend the map in all directions taking, some-
how, all the different maps into account at once. In this way, as you advance in your
endeavour you can get hints of where the gems could be buried and redirect your ef-
forts. This would be, more or less, the equivalent to use effective theories: low-energy
descriptions of UV complete theories encoding the physical properties of many of them
at the same time through a finite set of low-energy parameters.
In this Chapter a review and description of the basic ingredients commented in the
paragraphs above is presented. Specifically, we will revise the generalities of sponta-
neous symmetry breaking, both in the case of global and local symmetries, to introduce
a description of the possible realizations of the EWSB process. The linear and the non-
linear scenarios will be described with simple examples in QCD that can be easily trans-
lated to the EW case. Once this is done, the effective theory setup is discussed. First we
will introduce the effective electroweak chiral Lagrangian with a light Higgs, on which
this Thesis is based, establishing its main features as well as the relevant parameters, op-
erators, and counting. Then, we will briefly comment on the SMEFT, and on its relation
with the EChL. Finally, the issue of the violation of perturbative unitarity is addressed,
being it another key point of this Thesis.
1.1 SPONTANEOUS SYMMETRY BREAKING
Spontaneous symmetry breaking is a well known phenomenon in many areas of physics.
The example of the ball sitting at the top of a hill is just one among many others, but
there is a long list of systems showing this behaviour. In high energy physics, its impor-
tance is paramount: not is it only key in the mass generation mechanism of fundamental
fermions and gauge bosons, but also in the appearance of new particles in the spectrum.
This latter case occurs because of the fact that the total number of degrees of freedom
before and after the spontaneous breaking is conserved. However, precisely because of
this, there could also be no new particles emerging from the breaking. Whether this hap-
pens or not depends on the nature of the symmetry and on its global or local character.
SPONTANEOUS BREAKING OF GLOBAL SYMMETRIES: GOLDSTONE’S THEOREM
The spontaneous breaking of a global symmetry is very accurately describe by Gold-
stone’s theorem [156–158], first formulated in the context of condensed matter physics.
It states that a certain number of massless scalar bosons with the same quantum num-
bers as the vacuum must appear in the spectrum. Besides, this number corresponds to
the number of generators of the broken symmetry. These new scalar states, generated to
preserve at all times the total number of degrees of freedom, are the Goldstone bosons.
Perhaps the most important example of a global spontaneous symmetry breaking
in the context of particle physics is that of the chiral symmetry in QCD. The simplified
version of the QCD Lagrangian with two flavors, (u, d), of massless quarks exhibits an
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invariance under the global SU(2)L × SU(2)R chiral symmetry. Under this group, the
fermions of each chirality transform differently:
QL ≡
(
uL
dL
)
→ gL QL QR ≡
(
uR
dR
)
→ gR QR , (1)
with gL ⊂ SU(2)L and gR ⊂ SU(2)R being the transformations under each corre-
sponding group. Nevertheless, the vacuum of this system is not chiral invariant. The
ground state corresponds to quark condensates that form spin-0 states whose vev is
non-vanishing,
〈QLQR +QRQL〉 6= 0 , (2)
triggering the spontaneous symmetry breaking. The vacuum is only symmetric under
the diagonal or vectorial subgroup contained in SU(2)L × SU(2)R, i.e., transformations
that require gL = gR. Thus, the breaking SU(2)L × SU(2)R → SU(2)L+R takes place
and
[
dim(SU(2)L × SU(2)R)− dim(SU(2)L+R)
]
= 3 Goldstone bosons appear as phys-
ical states. These GBs are identified with the QCD pions: composite pseudoscalar states
arising from the spontaneous breaking of the chiral symmetry. The fact that they have a
mass, unlike what is stated by Goldstone’s theorem, can be explained through the non-
vanishing masses of the two lightest quarks. Their mass terms break explicitly the chiral
symmetry in a small amount and serve as a source for the therefore light mass of the
pion.
SPONTANEOUS BREAKING OF LOCAL SYMMETRIES: BEH MECHANISM
When a local or gauge symmetry is spontaneously broken Goldstone’s theorem does
not account accurately for the physical properties of the system. This was first shown in
1964, simultaneously, by three independent groups: those of Brought and Englert [13],
Higgs [11, 12, 15], and Guralnik, Hagen and Kibble [14]. Interestingly, the correct
mechanism describing spontaneously broken local symmetries is most commonly named
only after Higgs, and, some times, after Brought, Englert and Higgs.
In this case, the Goldstone bosons that emerge from the breaking do not manifest
as new physical particles, and are therefore called would be Goldstone bosons. Instead,
they become the longitudinal polarization degree of freedom of the gauge bosons asso-
ciated to the broken generators. The latter acquire a non-vanishing mass in this process
without spoiling the good symmetry properties of the Lagrangian. In this sense, the BEH
mechanism was indeed the ideal way to implement the spontaneous breaking of the EW
symmetry of the SM.
The minimal setup required to produce the desired breaking is achieved by intro-
ducing four real scalar degrees of freedom. These correspond to one complex scalar
transforming as an SU(2)L doublet with hypercharge 1/2:
Φ =
(
Φ+
Φ0
)
, (3)
whose dynamics and interactions, compatible with the SM symmetries, are generically
described by the Lagrangian:
LΦ =(DµΦ)†DµΦ+ µ2(Φ†Φ)− λ(Φ†Φ)2
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Figure 1: Qualitative shape of the SM scalar potential for µ2 > 0. Radial excitations around the vac-
uum correspond to the physical Higgs mode, whereas angular excitations correspond to the EW Goldstone
bosons.
−
[
YuQLΦ˜uR +YdQLΦdR +YeLLΦeR + h.c.
]
, (4)
where
DµΦ = ∂µΦ+
ig
2
(~Wµ ·~τ)Φ+ ig
′
2
BµΦ , Φ˜ = iτ2Φ∗ =
(
Φ0∗
−Φ−
)
, (5)
and with QL and LL being the quark and lepton doublets and uR, dR and eR being the
right handed type-u quark, type-d quark and charged lepton, respectively. The Pauli
matrices are denoted here by τ. g and g′ correspond to the SU(2)L and U(1)Y gauge
couplings, respectively. Their values, together with those of µ, λ and the Yukawa ma-
trices, Yu,d,e, have to be determined experimentally, since they are not predicted in the
SM.
The Lagrangian of Eq. (4) is manifestly SU(2)L × U(1)Y invariant, but, does the
vacuum preserve this symmetry? The answer depends on the values of µ and λ. In order
to have a potential bounded from below in the SM, λ has to take positive values. Now,
if µ2 is negative, the potential has a minimum corresponding to 〈Φ〉 ≡ 〈0|Φ|0〉 = 0,
and the spontaneous breaking of the EW symmetry simply does not take place. On the
other hand, if the opposite condition holds, µ2 > 0, the potential develops an infinite
number of degenerate minima sharing the property of the Higgs doublet that ensures
the minimization of the potential.
In this scenario, we have a mexican hat-shaped potential for the scalar fields, as the
one shown in Fig. 1, whose minima lie on a ring of radius equal to v. None of these
vacua are invariant under the SU(2)L ×U(1)Y, but only under a residual U(1). Since
the electromagnetic (EM) interactions are known to be a good symmetry of the ground
state, it is usual to select the fundamental configuration 〈Φ〉 = (0, v/√2)T, that implies
a symmetry breaking pattern of the form SU(2)L ×U(1)Y → U(1)em, where
v =
√
µ2
λ
, (6)
corresponds to the vacuum expectation value, whose size is not predicted in the SM but
has been determined experimentally to be v = 246 GeV.
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The implications of Eq. (6) are of great importance. First, the value of the vev defines
the EW scale, in such a way that any dimensionful quantity related to the EW interac-
tions must depend on it. Precisely because of this, the masses of fermions and gauge
bosons shall be directly related to this scale, whose precise value is determined from the
decay rate of the muon1. To understand how these masses arise from the spontaneous
breaking of the EW theory, one can consider small perturbations around the vacuum,
parameterized, in polar coordinates, as:
Φ =
v+ H√
2
e (i~w·~τ)/v
(
0
1
)
=
1√
2
(
iw1 + i w2
v+ H − i w3
)
+ . . . (7)
Here, the radial excitations correspond to the physical Higgs boson, H. On the other
hand, the EW Goldstone bosons that are “eaten” (as it is usually referred to in the high
energy physics jargon) by the EW gauge bosons, correspond to the three phases, ~w =
(w1,w2,w3). Being these the excitations along the ring of vacua, there is no energy
cost for them to move along the circle of minima, and, therefore, the Goldstones posses
a shift symmetry and are constrained to have derivative couplings only. Furthermore,
since these three scalars are non-physical particles, they can be decoupled via a gauge
transformation. In this simple case (unitary gauge) the scalar potential drives a mass
and a self-coupling for the Higgs particle:
LΦ ⊃ µ2(Φ†Φ)− λ(Φ†Φ)2 = −µ2H2 − vλH3 − λ4 H
4; m2H = 2µ
2 = 2λv2 , (8)
while the kinetic term leads to the EW gauge boson mass terms after the symmetry
breaking has taken place,
LΦ ⊃ (DµΦ)†DµΦ = 12∂µH∂
µH +
g2v2
4
W+µ W
−µ +
(g2 + g′2)v2
4
ZµZµ + . . . (9)
once they are rotated to the physical basis,
W±µ =
1√
2
(
W1µ ∓ iW2µ
)
, Zµ = cwW3µ − swBµ , Aµ = swW3µ + cwBµ . (10)
Here, cw and sw are the cosine and sine of the weak mixing angle θw = arctan(g′/g) ∼
0.48, respectively.
The result obtained in Eq. (9) is remarkable, as it provides masses for the W± and
Z bosons, leaving the photon massless, as observed experimentally. Furthermore, these
masses
mW =
gv
2
∼ 80 GeV, mZ =
√
g2 + g′2 v
2
∼ 90 GeV , (11)
result to be very close to their experimental value [159]. This means that, once the
EW scale is determined, the BEH mechanism provides an excellent description for the
generation of the EW gauge boson masses.
Besides, it is also able to explain the existence of fermion masses without the explicit
breaking of the EW invariance. Reviewing again Eq. (4), it is plain that when the Higgs
1 In fact, the value of the EW scale is inferred from that of the Fermi constant GF, a low energy parameter
of the EFT describing EW interactions at low energies. This is an example of how powerful the use of EFTs
can be in determining outstandingly important properties of a physical system.
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doublet acquires a vev, fermionic mass terms are generated involving the two chiralities
of the corresponding fermions. These terms are called Dirac mass terms, and predict a
mass value related to the EW scale, m f = (vYf )/
√
2. At this point, it is interesting to
notice that a neutrino mass term is not present in the Lagrangian even after EWSB, since
the right-handed component of these fields is absent in the SM.
A final remark about the BEH mechanism has to be commented at this point. It is that
of the equivalence theorem [77, 160–163] (ET), which translates the relation between
the longitudinally polarized gauge bosons and the corresponding Goldstone bosons to
a relation between scattering amplitudes. It is somehow intuitive that at sufficiently
large energies compared to the EW scale, the longitudinal polarization of the EW gauge
bosons should reveal their Goldstone boson condition, since, in the opposite limit, at
zero momentum, the polarization state is not well defined. Because of these reason,
there is a direct relation between the scattering amplitudes of EW gauge bosons and
the scattering amplitudes computed with Goldstone bosons at high energies. They are
indeed the same quantity up to a phase and corrections of the order O(mW/
√
s), with√
s being the center of mass energy of the scattering. Therefore, the ET enunciates the
following connection:
A
(
VL(p1), ...,VL(pN)→ VL(k1), ...,VL(kM)
)
=
(−i)N+MA(w(p1), ...,w(pN)→ w(k1), ...,w(kM))+O(mW/√s) , (12)
with V = W±, Z and where w in this case denotes the corresponding Goldstone bosons,
i.e., either w± or z. This is an outstanding and useful result of the BEH mechanism,
which allows to perform computations of spin 1 particle interactions in the simplified
scenario in which only scalar degrees of freedom are involved. Nevertheless, it is im-
portant to keep in mind that in order to understand the full behaviour of the EW gauge
bosons at all energies, one has to take into account the full gauge boson configurations,
and not just their scalar counterparts.
The spontaneous breaking of a local symmetry served to describe very important
physical properties of the EW theory. It allowed to generate masses for the elementary
fermions of the SM and for the EW gauge bosons through the incorporation of the emer-
gent would be Goldstone bosons as their longitudinal polarization degrees of freedom.
Even more, considering the proper breaking pattern SU(2)L × U(1)Y → U(1)em, the
photon, aligned with the preserved generator, remained massless. Besides, as a bonus, a
physical scalar should appear in the spectrum as the remnant of the symmetry breaking
process, leaving a trace of the underlying breaking if observed experimentally. In 2012,
a new particle with properties compatible with those of the SM Higgs boson [37, 40–53]
was discovered [38, 39], with a mass of approximately 125 GeV [37]. However, there
is still some room for BSM physics in the EWSB sector, and the characteristics of the
observed scalar state are being measured and analyzed to elucidate if we need to keep
exploring in this direction.
1.2 REALIZATIONS OF ELECTROWEAK SYMMETRY BREAKING
In the process of building the EW theory, it is clear that spontaneous symmetry breaking
has to be an ingredient in order to ensure the generation of fermion and gauge boson
masses. However, the way in which this breaking can be parameterized is not such
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an obvious statement. The scalar sector of the SM is known to be invariant, as we
shall see later on, under global transformations of the EW chiral symmetry SU(2)L ×
SU(2)R. From now on we will use indistinctly the terms “chiral symmetry” and “EW
chiral symmetry”. It should be understood that we are always referring to the EW chiral
symmetry except if specified otherwise. The different forms of parameterizing the EWSB
basically differ in the transformation properties under this SU(2)L × SU(2)R symmetry
group of the scalar particles: the three EW Goldstone bosons and the Higgs.
The two main avenues to describe EWSB in this sense are the so-called linear and
non-linear realizations. Whereas the former embeds the four scalars in a bi-doublet trans-
forming linearly under the chiral symmetry, the latter places the EW Goldstone bosons
in a triplet that transforms non-linearly and interprets the Higgs boson as a singlet of
the SU(2)L × SU(2)R symmetry.
The choice between these two ways of describing the EWSB lies in the physical moti-
vations behind them: the linear case is often related to weakly-coupled theories and the
non-linear case to strongly-coupled ones. This implies that in non-linear realizations of
EWSB, arbitrary insertions of Goldstone bosons in the scattering amplitudes are far less
suppressed than in the linear one.
Nevertheless, in a certain limit, both implementations can lead to the same physical
properties, but using one or the other to describe the relevant physics may seem more
or less natural. For example, if in a very tall building you observe that as you go up
there are fewer and fewer people on each floor, you might think that the elevator is out
of order or that there is no elevator at all. This would be in analogy with the linear
scenario, in which you have to pay a large energy price for generating more and more
particles. However, if you find more or less the same amount of people on the thirtieth
floor than on the second, you would assume that the elevator works properly. This
would correspond to a strongly interacting case, in which the scattering probability of
many scalar particles is not so suppressed with respect to the probability of having a
few-particle scattering.
Nonetheless, in this latter case, you could just have very sportive neighbours that take
the stairs to every floor without a problem, but it just seems more unnatural to believe.
In this sense, using one EWSB realization or another would facilitate the interpretation
of the physical properties of the system depending on the setup one initially assumes.
In this section, we will briefly review both realizations with pedagogical examples
that are well known in the context of low-energy QCD, to later translate those examples
into concrete scenarios of EWSB parametrizations.
1.2.1 THE LINEAR REALIZATION
As already commented in the lines above, the linear realization of EWSB assumes that
the Goldstone bosons and the Higgs are embedded together in a bi-doublet of the chiral
symmetry that transforms linearly. This implementation is the most usual one in weakly
coupled theories, like Supersymmetry (SUSY) [164–166], and it corresponds to the SM
BEH mechanism as well. Although the role of the chiral symmetry in the EWSB sector
has not been clarified yet in this Thesis, its importance will become manifest in the
following pages.
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As an illustrative example, it is worth revisiting the linear σ-model describing the
spontaneous breaking of the chiral symmetry in the QCD case for a simplified scenario
with massless pions.
The simplified version of the linear σ-model Lagrangian, developed by Gell-Mann
and Lévy [167], contains only four real scalar fields: the sigma particle σ and the three
pions ~pi = (pi1,pi2,pi3). We do not include the fermion fields in this section for simplicity.
The most general Lagrangian that can be written with this field content respecting the
chiral symmetry reads
Llin-σ = 12∂µσ∂
µσ+
1
2
∂µ~pi∂
µ~pi + µ2(σ2 + ~pi · ~pi)− λ(σ2 + ~pi · ~pi)2 . (13)
However, the SU(2)L× SU(2)R invariance of this Lagrangian seems to be a bit obscured.
To simplify the argument, one can construct a bi-doublet, Σ, containing the four scalar
fields:
Σ = 1σ+ i~pi · ~pi =
(
σ+ ipi3 ipi1 + pi2
ipi1 − pi2 σ− ipi3
)
, Σ→ gL Σ g†R , (14)
with gL and gR being SU(2)L and SU(2)R transformations respectively. Noticing that
Tr(Σ†Σ) = 2(σ2 + ~pi · ~pi) one obtains:
Llin-σ = 14Tr
[
(∂µΣ)†∂µΣ
]
+
µ2
2
Tr
[
Σ†Σ
]− λ
4
(
Tr
[
Σ†Σ
])2 , (15)
which explicitly shows the SU(2)L × SU(2)R chiral invariance. The spontaneous break-
ing of the chiral symmetry takes place when the scalar fields acquire a vev in the case in
which µ2 > 0:
1
2
〈Tr[Σ†Σ]〉 = 〈σ2 + ~pi · ~pi〉 = 2µ2
λ
≡ f 2 . (16)
Here, f denotes the pion decay constant, the scale controlling the destruction of a pion
field through its coupling with the broken currents. Its value is measured in pion decay
experiments with good accuracy, leading to a result of f ≡ fpi ∼ 94 MeV.
From the infinite vacua, it is customary to choose the one in which the pion fields
have a vanishing vev, while the sigma particle’s vacuum expectation value is set to f :
〈σ〉 = f ; 〈~pi〉 = 0, so that 〈Σ〉 = 1 f . This vacuum breaks the SU(2)L × SU(2)R symme-
try, but is invariant under the diagonal subgroup SU(2)L+R, often called strong isospin
symmetry. Expanding now in small perturbations around the vacuum, the following
Lagrangian is obtained:
Llin-σ = 12∂µ~pi∂
µ~pi +
1
2
∂µσ∂
µσ− m
2
σ
2
σ2 − 4λ fσ(σ2 + ~pi · ~pi)− λ(σ2 + ~pi · ~pi)2 , (17)
with m2σ = 8µ2.
Therefore, in the lineal σ-model implementation of the spontaneous breaking of the
chiral symmetry, a massive particle together with three massless2 states that manifest
2 The fact that the pions are not exactly massless can be explained by the approximate character of the chiral
symmetry in QCD, explicitly broken by the small quark mass terms appearing in the Lagrangian, as it was
mentioned in the previous section.
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also in the spectrum. Moreover, the couplings between the four scalars are deeply con-
nected, since they are all embedded in the same representation of the symmetry group.
Furthermore, the model is renormalizable, so quantum corrections can be calculated
consistently with the usual prescriptions in perturbation theory.
Regardless of normalization factors, the linear σ-model results to be very similar
to the BEH mechanism presented in the previous section. In fact, the latter can be
parameterized via a linear σ-model, in which, therefore, EWSB is linearly realized. The
sole difference between both scenarios lies in the fact that the broken symmetry in the
EW case is local, and not global, and, as a consequence, the Goldstone bosons do not
show up in the physical spectrum.
Implementing the BEH mechanism via a linear σ-model can be very useful, specially
for studying explicitly the chiral invariance of the EWSB sector of the SM. The scalar
contribution of the SM Lagrangian shows a global invariance under the chiral symmetry,
as it will be shown shortly. After the SU(2)L ×U(1)Y group of the chiral symmetry is
gauged, the EW gauge invariance becomes clear. Thus, there is a close relation between
the chiral and EW gauge invariances of the theory that should become manifest in the
following examples.
Starting from the initial doublet of the BEH mechanism, we can place our four scalar
degrees of freedom in a bi-doublet of the global chiral symmetry for the EW sector:
Σ =
1√
2
(
Φ˜ Φ
)
=
1√
2
(
Φ0∗ Φ+
−Φ− Φ0
)
, Σ→ gL Σ g†R , (18)
in such a way that the EWSB SM Lagrangian given in Eq. (4) (excluding fermion opera-
tors) reads
LΦ → LΣ =Tr
[
(DµΣ)†DµΣ
]
+ µ2Tr
[
Σ†Σ
]− λ(Tr[Σ†Σ])2 , (19)
where in this case, the covariant derivative is slightly modified with respect to the one
presented in the previous section:
DµΣ = ∂µΣ+
ig
2
(~Wµ ·~τ)Σ− ig
′
2
Bµ Σ τ3 . (20)
The modification in the last term arises from the fact that, while the whole SU(2)L group
is gauged in the EW theory, only a subgroup of SU(2)R is gauged: the one corresponding
to U(1)Y, which is generated by τ3. In any case, it is fairly easy to check that this
expression matches the one given in Eq. (5) in terms of the doublet Φ.
The Lagrangian shown in Eq. (19) is manifestly EW chiral invariant, but the ground
state of the system, if the condition µ2 > 0 is fulfilled, is not. In fact, the same breaking
pattern of the linear σ model is obtained, once the Σ field acquires a vev:
〈Tr[Σ†Σ]〉 = 〈Φ† Φ〉 = µ2
2λ
≡ v
2
2
, (21)
that in this case is identified with the EW scale, v = 246 GeV. The appropriate vacuum
is such that the breaking SU(2)L × SU(2)R → SU(2)L+R ≡ SU(2)c, to the so-called
custodial symmetry, is achieved. Small perturbations around this vacuum lead to the
exact same Lagrangians as the ones given in Eqs. (8) and (9), thus stating that the BEH
mechanism is intimately related to the linear σ-model parameterization.
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An important comment has to be made at this point about this custodial symme-
try [168], which corresponds to the diagonal subgroup of SU(2)L×SU(2)R, i.e., SU(2)L+R.
It is the remnant symmetry under which the EW vacuum is invariant if one neglects the
fact that only the U(1)Y subgroup of SU(2)R is gauged. This scenario would correspond
to the case in which g′ = 0, and, therefore to θw = 0 and to mW = mZ. It is usually
called the isospin limit, after the other common name of the SU(2)L+R symmetry. Al-
though the isospin limit can be extremely useful and computationally convenient, this is
known not to be the exact case in the SM, specially at low energies compared to the EW
gauge boson mass scale, well the approximation mW = mZ is poorly justified. In this
case, instead, the relation between the W and the Z masses is given by the ρ parameter:
ρ =
m2W
m2Zc2w
, (22)
that is predicted to be exactly one in the SM at the tree level, and which assumes that
the only source of custodial symmetry breaking comes from the gauging of the hyper-
charge group and from the difference in the fermion masses within the same doublet.
This result has very interesting phenomenological implications, since many BSM setups
induce sizable corrections to de ρ parameter. In particular, the implications of custo-
dial invariance affect significantly the predictions of the T oblique parameter [169], and
of the Higgs couplings to the EW gauge bosons. From the measurement of these two
quantities, specially from the former [170–174], whose value is known experimentally
with good precision, it appears that other sources of custodial breaking rather than those
coming from g′ 6= 0 are strongly disfavoured. It seems, so far, that nature has chosen a
custodial preserving EW vacuum. Because of this reason, we will always assume from
now on in this Thesis that custodial symmetry is preserved in the bosonic sector3 of the
EW interactions, up to corrections of the order g′.
1.2.2 THE NON-LINEAR REALIZATION
In the previous subsection the linear realization of spontaneous symmetry breaking
through weakly-coupled, renormalizable models was exemplified. In particular, the cor-
respondence between the BEH mechanism described in the pages above and these linear
implementations, in which the nature of the four scalars involved in the EWSB is tightly
related, was discussed.
In the present subsection the non-linear realization of EWSB is revisited. In this sce-
nario the Higgs particle is decoupled from the EW Goldstone bosons in a consistent way
with the SM symmetries. This is achieved by assigning the Higgs to the singlet represen-
tation of the chiral symmetry while placing the EW Goldstone bosons in a triplet, making
the transformation of these scalar fields non-linear under the SU(2)L × SU(2)R group.
Due to this fact, the interactions among the Goldstone bosons become non-perturbative
at high energies, i.e., they become strongly interacting particles. Besides, in this setup,
the Higgs is not needed to preserve any global or gauge invariances, since it is a singlet
of the EW chiral and gauge symmetries, and can be integrated out from the theory. This
3 The difference between the various fermion masses represents another source of custodial breaking that is
taken into account in the SM and in the present Thesis, since the fermionic sector remains unchanged with
respect to that of the SM.
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feature was specially appealing before the Higgs discovery, where the non-observation
of such scalar particle at light masses seemed to point towards a Higgsless model or to a
scenario in which the Higgs could arise as a heavy resonance from a strongly interacting
system.
To illustrate this non-linear realization we rely once again in its simple QCD coun-
terpart: the non-linear σ model [167]. Contrary to the linear case, in which the four
scalars were necessary to preserve the chiral invariance due to their quantum numbers,
in the non-linear setup one can restrain oneself to a more minimal scenario. Since the
only truly necessary components for the spontaneous SU(2)L × SU(2)R → SU(2)L+R
breaking are the three Goldstone bosons, the other scalar degree of freedom can be, in
principle, removed.
Nevertheless, we need to include the Higgs particle in the EW EFT, so we part from
the same particle content and the symmetry principles than in the linear scenario, start-
ing from the same Lagrangian for the scalar fields given in Eq. (13), which is the most
general one in these conditions. The way in which we organize the fields is, however,
different. This time, we define four new fields, ϕ and ~χ = (χ1,χ2,χ3), related to the σ
and ~pi through non-linear transformations, such that
Σ = ϕU , (23)
with U containing the ~χ particles. The ϕ in this case represents the singlet of the chiral
symmetry and, therefore, the U field must transform in the same way as the Σ: U→
gL U gR. U can be paremeterized in many different ways, since the physics encoded in it
must be independent of the parameterization. Nevertheless, the most common way of
describing it is through its exponential form:
U = e (i~τ·~χ)/ f , (24)
although others, like, for instance, the spherical form [96], can be equivalently used [175].
Here f is again identified with the pion decay constant and with the vacuum expectation
value of the ϕ field, 〈ϕ〉 = f . It is clear from this construction that the roles of the ϕ
and the ~χ are not directly related as it was the case in the linear σ-model. In fact, the
original Lagrangian becomes, employing the definition in Eq. (23),
Lnonlin-σ = 12∂µϕ∂
µϕ+
ϕ
4
Tr
[
(∂µU)†∂µU
]
+ µ2ϕ2 − λϕ4 , (25)
making manifest the separation between the ϕ and the ~χ fields, which do not even
appear in the scalar potential. In this sense, the minimization to obtain the asymmetric
vacuum is performed only taking into account the ϕ state:
〈ϕ〉 =
√
µ2
2λ
= f . (26)
Following the same recipe as before and expanding around the SU(2)L+R invariant vac-
uum one arrives at
Lnonlin-σ = ( f + ϕ)
2
4
Tr
[
(∂µU)†∂µU
]
+
1
2
∂µϕ∂
µϕ− m
2
ϕ
2
ϕ2 − 4λ f ϕ3 − λϕ4 , (27)
with m2ϕ = 8µ2 as in the σ case.
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Regarding this expression, it is clear that the decoupling limit for the ϕ field is easily
achieved by taking mϕ → ∞ while keeping f constant. By doing this, a theory describing
the pion dynamics for energies below the ϕ mass is obtained, and it is, actually, the most
general one that can be constructed:
L2 = f
2
4
Tr
[
(∂µU)†∂µU
]
. (28)
This effective theory of low energy QCD is called the QCD chiral Lagrangian4 and it
can be UV completed with any SU(2)L × SU(2)R symmetric theory. In fact, the linear
case is just one of these possible completions.
In the most general case, the terms included in the Lagrangian of this EFT are not
organized through their canonical dimension but through their chiral dimension. Due
to the unitary character of the matrix U, the canonical dimension of the operator shown
in Eq. (28) is not well defined, and, therefore, another prescription is needed in order to
classify the different contributions of the theory. The expansion is performed in powers
of the pion external momentum p (or, equivalently, in powers of derivatives) over a
scale Λ that accounts for the energy at which the EFT expansion breaks down. The
particular value of this scale is not a priory fixed. It is known to be related to the
quantity 4pi f , being this the scale controlling the quantum corrections at which the
Goldstone dynamics become strongly-interacting. In this sense, it can also be related to
the mass of the ϕ particle in the case in which the linear model corresponds to the UV
completion of the non-linear EFT. This scale Λ represents the new physics (NP) scale
or the entrance in the non-perturbative regime of the scalar dynamics, and is usually
chosen as the minimum among them Λ = min(ΛNP, 4pi f ).
Having this in mind, the chiral dimension d of an operator is defined as the number
of momentum insertions it possesses, independently of the value of Λ. For example, the
operator given in Eq. (28) has chiral dimension d = 2, and, so, it represents the lead-
ing order term in the chiral expansion. For this reason, the corresponding Lagrangian
is often denoted by L2. The chiral , i.e., the classification of the operators by means
of their chiral dimension, is indeed crucial for the computation of the quantum correc-
tions in the EFT. The chiral Lagrangian was built so that higher order terms in the loop
expansion could be safely computed providing finite results. However, the Lagrangian
displayed in Eq. (28) is far from being renormalizable. The one-loop computations ob-
tained from L2 produce divergences that cannot be absorbed by terms already present
in this Lagrangian. Interestingly, these divergences correspond to the next order in the
chiral expansion, O(p4), so they can be absorbed by redefining the parameters of the
next to leading order (NLO) Lagrangian:
L4 = a4
(
Tr
[
(∂µU)U†(∂νU)U†
])2
+ a5
(
Tr
[
(∂µU)U†(∂µU)U†
])2 . (29)
This means that these new terms of O(p4) can act as counterterms, so that the diver-
gences generated by the L2 operators can be absorbed by redefining the a4 and a5 pa-
rameters.
The latter statement is not obvious at all. In principle we would consider that the op-
posite happened, meaning that higher dimensional operators could contribute to terms
of lower order via loop diagrams. If this happened, it will be impossible to calculate
4 More specifically, it corresponds to the lowest order Lagrangian in the chiral expansion.
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quantum corrections as an infinite number of operators will contribute to the computa-
tion at a given order. However, this is not the case in chiral perturbation theory (ChPT),
since each operator in the Lagrangian contributes to higher order terms when consider-
ing loop diagrams. This is due to Weinberg’s power counting theorem [100], which, in a
simplified version, states that the matrix element of each diagram will scale generically
with energy as:
M∼ E 2+∑n Nn(n−2)+2NL , (30)
with NL being the number of loops and Nn the number of vertices coming from a term
with n derivatives. This way, every one-loop diagram coming from the Ln Lagrangian
term contributes with a factor E2 higher than the corresponding tree level one.
The fact that lower chiral dimension operators contribute via loop diagrams to the
same order in ChPT than higher dimension ones at tree level is basic to renormalize
the theory. For the case that has been discussed, the loop contributions from L2 will be
of order O(p4) and so will be the possibly generated divergences. Thus, it should be
possible to reabsorb them by redefining the parameters of L4. As these parameters have
to be determined phenomenologically the only difference is that after renormalizing the
theory our predictions will have to be made in terms of the renormalized parameters,
whose running is given by [100–102]:
ar4(µ) = a4(µ0)−
1
16pi2
1
12
log
µ2
µ20
,
ar5(µ) = a5(µ0)−
1
16pi2
1
24
log
µ2
µ20
, (31)
as a consequence of the chiral symmetry, and where µ0 being a reference scale and µ
being the renormalization scale.
With these renormalized parameters, one can compute finite amplitudes of pion-pion
scattering processes, up to O(p4) in a consistent way with chiral perturbation theory, so
the full EFT prescription in the QCD context is determined.
Once again, as in the linear case, there is an easy translation between the low-energy
QCD scenario and the EW theory picture. This time, the correspondence between the
QCD and the EW case is achieved by defining the Σ matrix as a function of the Higgs
field and the EW Goldstone bosons in the following way:
Σ =
v+ H√
2
U =
(
Φ˜ Φ
)
, U = e (i~τ·~w)/v , (32)
noticing that now, instead of the pion decay constant, we have v = 246 GeV, i.e., the EW
scale. With this definition, there is a complete analogy with the QCD scenario that has
just been described, with the single difference that the spontaneously broken symmetry
in this context is local and not global. Therefore, by substituting the partial derivatives
by covariant ones of the form
DµU = ∂µU+
ig
2
(~Wµ ·~τ)U− ig
′
2
Bµ U τ3 , (33)
and employing the definition given in Eq. (32), the equivalent to the chiral Lagrangian
given in Eq. (27) for the EW case reads
Lnonlin-H = (v+ H)
2
4
Tr
[
(DµU)†DµU
]
+
1
2
∂µH∂µH − m
2
H
2
H2 − vλH3 − λ
4
H4 . (34)
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At this point, the Higgs can be integrated out, in the same way as the ϕ particle
before, since it is not needed anymore to preserve the EW chiral or gauge invariance.
This limit is achieved by taking mH → ∞, so that the corresponding EFT for the EW
Goldstone boson dynamics at low energies, the so-called Higgsless model, is obtained.
The corresponding Lagrangian is given by
L/H2 =
v2
4
Tr
[
(DµU)†DµU
]
. (35)
However, this time, since the SU(2)×U(1)Y symmetry is local, the Goldstone bosons
do not manifest as physical particles but they appear instead as the longitudinal compo-
nents of the EW gauge bosons. Therefore, recalling the equivalence theorem (Eq. (12)),
the Lagrangian presented in Eq. (35) corresponds to an EFT that describes the longi-
tudinally polarized Ws and Zs between the EW scale and the EFT break down scale.
Furthermore, when expanding the matrix U in terms of the fields it contains, it is easy
to check that the first term in the expansion, U = 1, leads to the correct mass terms for
the EW gauge bosons given in Eq. (9). Thus, the EWSB is non-linearly realized and the
Higgs has been integrated out from the low energy spectrum.
There exists a difference, however, between the QCD and the EW scenarios, due to
the character of the spontaneously broken symmetry in each case. Being the EW a lo-
cal symmetry, in order to ensure gauge invariance, as it has been previously mentioned,
the Lagrangian operators have to be constructed with the covariant derivative. Further-
more, the kinetic terms of the EW gauge bosons and the fermionic operators have to be
included as well in the theory5. This fact allows to include a larger set of invariants in
the Lagrangian apart from those involving only the scalar fields, although the former are
expected to be less relevant than the latter due to the strongly interacting scalar dynam-
ics. In any case, the Goldstone interactions are exactly the same ones as those described
by the non-linear σ-model, and, therefore, all the properties of the Higgsless scenario
can be directly extracted from the paragraphs above. Consequently, the next to leading
order terms remain unmodified
L4 = a4
(
Tr
[
(DµU)U†(DνU)U†
])2
+ a5
(
Tr
[
(DµU)U†(DµU)U†
])2
= a4
(
Tr
[
VµVν]
)2
+ a5
(
Tr
[
VµVµ]
)2 , (36)
upon defining the chiral vector
Vµ = (DµU)U†, Vµ → gL Vµ g†L . (37)
The same happens with the renormalization of the L4 parameters, whose particular
expression matches that in Eq. (31).
It is worth commenting at this point that another chiral structure with scalar prop-
erties can be constructed respecting the SM symmetries. It is the so-called T operator
defined as
T = Uτ3U† , (38)
which clearly supposes an additional source of custodial symmetry breaking. For this
reason, since there is good experimental evidence to believe that custodial breaking is
5 Notice that this happened also in the linear case, although it was not explicitly mentioned.
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driven only by the gauging of the hypercharge symmetry group and by the differences in
the masses of the SM fermions, we will not consider this kind of invariants in the present
Thesis.
At this point, we have all the ingredients that characterize the so-called Higgsless
model: an example of the non-linear realization of EWSB that allows to remove the
Higgs particle from the theory in a EW gauge and chiral invariant way. This procedure
leads to an EFT for the low energy Goldstone boson dynamics which is the more general
one consistent with the corresponding symmetries, and that can be UV completed by any
theory respecting those same symmetry principles. Even the linear case can be retrieved
by this construction in a certain limit.
The Higgsless model was particularly motivated several years ago, before ATLAS and
CMS discovered a Higgs-like state with a mass of around 125 GeV. The observation of
this particle compatible with a light Higgs boson turned the hypothesis of the Higgs be-
ing a potentially arising heavy resonance, appearing as a consequence of the strongly
interacting underlying dynamics, to be a very fragile assumption. A consistent way of
introducing this new light degree of freedom in the EFT was, therefore, needed. This
is how the Electroweak Chiral Lagrangian with a light Higgs boson was formulated, be-
coming a very complete and model independent way of studying the issue that concerns
us: the true nature of the EWSB.
1.3 THE EFFECTIVE ELECTROWEAK CHIRAL LAGRANGIAN WITH
A LIGHT HIGGS
In this section, the effective electroweak chiral Lagrangian with a light Higgs boson
(EChL), also known as Higgs effective field theory (HEFT) in the recent literature, is
introduced. This framework, as illustrated in the previous section, is the most general
effective description of EW Goldstone bosons dynamics that can be constructed respect-
ing the SM symmetries, and, therefore, it is the appropriate tool to study EWSB in full
depth.
The EChL is a gauged non-linear effective field theory that contains as dynamical
fields the EW gauge bosons, W±, Z and γ, the corresponding would-be Goldstone-
bosons, w±, z, and the Higgs scalar boson, H. For the present Thesis, the fermion
sector remains unmodified with respect to its SM description.
In this setup, the Higgs field is therefore a light degree of freedom, in agreement with
the recent observation of a light Higgs-like particle at the LHC, and it is introduced as a
singlet of the EW chiral and gauge symmetries. For this reason there are no restrictions
regarding its implementation in the Lagrangian, and it is consequently introduced in the
most generic possible way. This is done through polynomial functions F(H), that depend
on new parameters that take particular values in specific UV complete models.
The EW gauge bosons are described in the usual manner through the covariant
derivative of the U field and through the SU(2)L and U(1)Y field strength tensors. The
EW Goldstone bosons are placed in a matrix field U, in the same way presented in the
Higgsless model, that takes values in the SU(2)L × SU(2)R/SU(2)L+R coset, and trans-
forms as U→ gL U g†R under the action of the global EW chiral group SU(2)L × SU(2)R.
Given the arguments discussed in the previous sections, we will assume here that the
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scalar sector of the EChL preserves the custodial symmetry, except for the explicit break-
ing due to the gauging of the U(1)Y symmetry.
The basic building blocks of the SU(2)L ×U(1)Y gauge invariant EChL are the fol-
lowing:
U(w±, z) = 1+ i (~τ · ~w)/v+O(w2) , (39)
F(H) = 1+ 2 a(H/v) + b(H/v)2 + . . . , (40)
DµU = ∂µU+ iWˆµU− iUBˆµ , (41)
Wˆµν = ∂µWˆν − ∂νWˆµ + i[Wˆµ, Wˆν], Bˆµν = ∂µBˆν − ∂νBˆµ , (42)
Vµ = (DµU)U† , (43)
with Wˆµ = g(~Wµ ·~τ)/2 , and Bˆµ = g′ Bµτ3/2.
According to the usual counting rules, already introduced in the previous section,
the SU(2)L ×U(1)Y invariant terms in the EChL are organized by means of their chiral
dimension, meaning that a term Ld with chiral dimension d will contribute to O(pd) in
the corresponding power momentum expansion. The chiral dimension of each term in
the EChL can be found out by following the scaling with p of the various contributing
basic functions. Derivatives and masses are considered as soft scales of the EFT and of
the same order in the chiral counting, i.e., ofO(p). The gauge boson masses, mW and mZ
are examples of these soft masses in the case of the EChL, similarly as the pion masses in
the QCD context, which are also considered to be of O(p) in the chiral counting. These
gauge boson masses are generated from the covariant derivative in Eq. (41) once the U
field is expanded in terms of the ~w fields:
DµU = i
(~τ · ∂µ~w)
v
+ i
gv
2
(~τ · ~Wµ)
v
− i g
′v
2
Bµ τ3
v
+ . . . (44)
as it happened already in the Higgsless case. The dots represent terms with higher pow-
ers of (w/v), and their precise form will depend on the particular parameterization of
U. In this Thesis we will always employ the usual exponential parametrization, although
others are equally valid, albeit motivated for different studies. Once the gauge fields
are rotated to the physical basis, defined in Eq. (10), they get the usual mass values at
lowest order: mW = gv/2 and mZ =
√
g2 + g′2 v/2.
Furthermore, in order to have a power counting consistent with the loop expansion,
one needs all the terms in the covariant derivative above to be of the same order. Thus,
the proper assignment is ∂µ, (gv) and (g′v) ∼ O(p) or, equivalently, ∂µ, mW , mZ ∼ O(p).
In addition, the Higgs boson mass mH will be also considered as another soft mass in
the EChL with a similar chiral counting as mW and mZ. That implies, mH ∼ O(p), or
equivalently (λv2) ∼ O(p2), with λ being the SM Higgs self-coupling.
The typical energy scale that controls the size of the various contributing terms in
this chiral expansion is again provided by 4piv ∼ 3 TeV. In the scenarios where there
are emerging resonances, a common case in strongly interacting underlying UV theories,
then there are additional mass scales given by the masses of the resonances to account
for in the EChL.
With these building blocks one can construct the EChL up to a given order in the chi-
ral expansion. This Lagrangian has to fulfil the requirements of being Lorentz invariant
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and SU(2)L ×U(1)Y gauge invariant and custodial preserving. We also assume CP in-
variance for the present Thesis and include the terms with chiral dimension up to O(p4).
Therefore, the EChL can be generically written as:
LEChL = L2 + L4 + LGF + LFP , (45)
where L2 refers to the terms with chiral dimension 2, i.e., O(p2), L4 refers to the terms
with chiral dimension 4, i.e., O(p4), and LGF and LFP are the gauge-fixing (GF) and the
corresponding non-abelian Fadeev-Popov (FP) terms. As commented in the Introduction,
we will be interested in the study of EW gauge boson scattering amplitudes, for whose
description the relevant terms are, at leading order:
L2 =− 1
2g2
Tr
[
WˆµνWˆµν
]− 1
2g′2
Tr
[
BˆµνBˆµν
]
+
1
2
∂µH ∂µH −V(H)
+
v2
4
[
1+ 2 a(H/v) + b(H/v)2
]
Tr
[
DµU†DµU
]
+ . . . (46)
with V(H) being the usual Higgs potential given in Eq. (4), whereas the next to leading
order terms correspond to6:
L4 = a1 Tr
[
UBˆµνU†Wˆµν
]
+ ia2 Tr
[
UBˆµνU†[Vµ, Vν]
]− ia3 Tr[Wˆµν[Vµ, Vν]]
+ a4
(
Tr
[
VµVν
])2
+ a5
(
Tr
[
VµVµ
])2
− cW(H/v)Tr
[
WˆµνWˆµν
]− cB(H/v)Tr[BˆµνBˆµν] + . . . (47)
The effects of the new physics introduced by these operators will be controlled by the
values of the couplings associated to each of them. These couplings that appear in the
Lagrangian are the so called chiral parameters or chiral coefficients of the EChL, and en-
code the information of the microscopic theory. At this point, it is important to recall that
we are mostly interested in vector boson scattering processes, since we believe they are
the most sensitive observables to new EWSB physics. Each of the previous Lagrangian
terms will contribute differently to these observables and their relative importance will
depend on the values of the chiral coefficients.
To have an insight of how these couplings intervene in the predictions of the EChL,
we can inspect the Feynman rules derived from this Lagrangian, collected in Appendix B.
For example, if we take a look at the self interaction vertices of four weak gauge bosons
it is clear that for a3,4,5 6= 0 the predictions in the ECLh will be different from those in
the Standard Model, the latter case corresponding to ai = 0. Furthermore, if one focuses
on the longitudinally polarized EW gauge boson scattering, the most relevant L4 coef-
ficients are a4 and a5, as we shall see quantitatively later on. This can be understood
easily by means of the equivalence theorem, since the mentioned process, at energies
well above the EW scale, is described by ww scattering and is thus dominated by the
derivative Goldstone interactions given by a4 and a5. The other three parameters, a1, a2
and a3, that appear in the Lagrangian, will modify mainly the interaction of the trans-
versely polarized gauge bosons, so their contribution at high energies is expected to be
6 The notation used is taken from [176, 177] and compares: 1) with [75] as, a1 = (g/g′)α1, a2 = (g/g′)α2,
a3 = −α3, a4 = α4, a5 = α5; 2) with [102] as, `1 = 4a5, `2 = 4a4, `5 = a1, `6 = 2(a2 − a3); and with [101]
as, L1 = a5, L2 = a4, L9 = a3 − a2, L10 = a1.
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ECLh Higgsless
Γa1−a2+a3 0 0
Γa1 − 16 (1− a2) − 16
Γa2−a3 − 16 (1− a2) − 16
Γa4
1
6 (1− a2)2 16
Γa5
1
8 (b− a2)2 + 112 (1− a2)2 112
Table 1: Running of the relevant ECLh parameters and some of their combinations taken from references
[90–92, 94–96]. The third column provides the corresponding running for the Higgsless case [176].
suppressed with respect to that of a4 and a5. However, they are of much importance in,
for instance, processes involving photons, which are purely transverse as well as in EW
precision observables at LEP energies. The cW and cB parameters, also included here,
control BSM interactions such as the one relating locally a Higgs with two photon fields
that will not be studied in this Thesis.
With all these considerations in mind, and with the EChL properly introduced, we
should be able to compute the relevant observables up to a certain order in chiral per-
turbation theory. Nevertheless, as discussed in the previous section, a renormalization
prescription is needed such that we obtain finite contributions order by order. In the
same way as in the preceding examples, the divergences of the one loop contributions
from L2 will be absorbed in the L4 parameters, and, as it is customary, through the
renormalization group equations they will acquire a dependence on the renormalization
scale, contained in the following equation:
dari
d log µ
= − Γai
16pi2
, (48)
where Γai gives the running of the particular coupling ai. For completeness we show in
Table 1, the running of the most relevant chiral parameters, extracted from the summary
in [96] and references therein. The Higgsless scenario is also considered, from which the
running of a4 and a5 presented in Eq. (31) can be easily recovered by setting a = b = 0.
The combinations appearing in Table 1 are in general relevant for different processes;
the ones containing a1, a2 and a3 will be involved in transverse gauge boson interactions
and the ones containing a4 and a5, will be the ones of greater relevance for the present
Thesis, since they will contribute to the interactions of longitudinal gauge bosons.
The relations displayed in Table 1 are totally model independent, as they are valid
for any set of values of the chiral parameters. Therefore, if we estimate measurable
observables involving the scattering of longitudinally polarized gauge bosons with these
formulas, and compare the results with the experiment, we would be able to discern the
properties and structure of the model that is preferred by data, as we could deduce the
values of the chiral parameters, which determine the complete ultraviolet theory.
We present here, for completeness, some illustrative examples of values of the EChL
coefficients corresponding to specific interesting models. The SM, and therefore a way of
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recovering the linear EWSB realization, is chosen as one of these representative bench-
marks. We also show the Higgsless case, as a connection to the previous section. The
well motivated minimal composite Higgs model [178–182] (MCHM), constructed from
the original composite Higgs models [183–188] and based on a SO(5)/SO(4) symme-
try breaking pattern is presented as well, together with the dilatonic models [189, 190]
corresponding values:
a2 = b = 1 SM,
a2 = b = 0 Higgsless,
a2 = 1− v2f 2 , b = 1− 2v
2
f 2 SO(5)/SO(4) MCHM,
a2 = b = v
2
f 2 Dilaton.
The NLO Lagrangian parameters have as well specific values in each of the presented
theories. The SM would imply to set all the ai, and the cW and cB coefficients to 0, while,
for instance, recovering the Higgsless model would require to set all the parameters
involving a Higgs particle to 0 in the NLO Lagrangian as well.
The presence of the scale f in the last two examples is explained by the fact that, in
these models, the spontaneous breaking of the EW symmetry takes place in two steps
instead of one. For instance, in the MCHM, some ultraviolet strong dynamics triggers the
spontaneous breaking of the SO(5) group to a SO(4) remnant, such that four Goldstone
bosons emerge in the spectrum. The characteristic scale of these scalar modes, that at
this point remain massless, corresponds to f . Afterwards, the EW symmetry is gauged,
and the SO(5)-breaking radiative corrections induce a potential for the Higgs particle,
interpreted as another Goldstone boson in this scenario. The minima of this potential
break the EW symmetry spontaneously and the other three initial Goldstones are eaten
by the EW gauge bosons that acquire a mass. In these scenarios, due to the Goldstone
character of the Higgs, the hierarchy problem is automatically solved since the Higgs
mass is protected by a larger symmetry. However, although well motivated, the MCHM
is just a possible UV complete theory whose low-energy dynamics can be parameterized
through the EChL.
From the previous paragraphs it is plain that there is a plethora of ultraviolet comple-
tions for the EChL leading to different explanations of the EWSB dynamical generation.
But our final aim is to discern which is the BSM setup that describes best the electroweak
symmetry breaking, and thus, the experimental determination of the chiral parameters is
crucial. In the years to come it is expected that the physics of the vector boson scattering
will be tested in such a way that will allow to shed some light on this issue.
Regarding the present experimental constraints on the previous EW chiral coeffi-
cients, it is important to have in mind that the particular value of the bounds imposed
on EFT parameters depends enormously on the phenomenological interpretation of the
experimental data. As we will discuss throughout this Thesis, especially in Chapter 4,
different EFT treatments can lead to different EChL parameter constraints.
However, it is pertinent to include at this point a general comment on some of the
most established current bounds to have a first guiding value with which obtain our
predictions later on. We will focus on the EChL parameters that will be the most relevant
ones for this Thesis: a, a4 and a5.
Different strategies were used in the literature to obtain an appropriate fit for the
Higgs coupling to vector bosons using experimental data [42, 97, 191], which lead,
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approximately, to a value of a centered around the SM prediction (a=1) with a 10% de-
viation allowed, i.e., 0.9 < a < 1.1. These bounds, however, have been recently updated
by the ATLAS collaboration, that has provided a constraint for the HVV coupling at 68%
C.L. corresponding to [192]
1.01 < a < 1.09 . (49)
This constraint seems to be, in principle, consistent with the full EFT picture.
In what concerns the current allowed values of a4 and a5, the most recent constrains,
provided by CMS at 95% confidence level, read [193]:
|a4| < 6 · 10−4 , |a5| < 8 · 10−4 . (50)
These results correspond to the translation7 of the bounds imposed on linear EFT pa-
rameters and are obtained without employing any unitarization procedure upon the
EFT predictions.
There are, however, other studies regarding the same kind of measurements that
might allow to constrain the a4 and a5 parameter space and that are performed with a
different theoretical interpretation. For instance, in [194] a maximum total cross section
of various VBS processes, and, therefore, a model independent experimental study, is re-
ported, whereas in [195] an interesting bound on a4 and a5 is provided using a K-matrix
unitarization analysis, following the procedure proposed in [108]. The constraints ob-
tained for all these studies can vary significantly, as we will see in forthcoming Chapters
of this Thesis, so it is important to have in mind that the values given in Eq. (50) carry
an intrinsic theoretical error that will be quantified for the first time in Chapter 4.
Finally, we would like to make a last comment about the other parameters presented
in Eqs. (46) and (47). Regarding the L2 parameter b, it is very interesting to point
out that it has been finally constrained to be −1.02 < b < 2.71 at 95% C.L. via search
strategies of VBS double Higgs production in the bb¯bb¯jj final state [196]. This represents
the first experimental bound imposed on this parameter nowadays.
The coefficients controlling O(p4) operators, a1, a2 and a3 have been constrained
in different setups, and, particularly, a1 results to be quite heavily constrained
(
amax1 ∼
O(10−3)) due to its relation to the oblique S parameter [197, 198]. The other two, a2
and a3 have been bounded thanks to their relations to triple gauge couplings [42, 93, 97,
144, 191, 195, 197–199].
Regarding cW and cB, also coming from L4, the most stringent bounds come from the
related coefficient cγγ = cW + cB appearing in the photonic e
2
16pi2 cγγ
H
v FµνF
µν Lagrangian
term, that has been constrained to be cγγ = −0.24± 0.37 [97].
In the preceding pages we have thoroughly presented and discussed the effective
electroweak chiral Lagrangian with a light Higgs framework that will serve us to explore
BSM deviations in the relevant VBS observables throughout the present Thesis. This EFT
is the most general one that can be constructed regarding low energy descriptions of the
EWSB dynamical origin, and it can be UV completed in an arbitrary number of ways if
the SM symmetries are preserved.
Nevertheless, there is another EFT, the SMEFT, in which the EWSB is linearly realized
which is also aimed to describe possible BSM physics. This theory, albeit less general, is
7 This translation will be exemplified in the next section. Eq. (56) is the appropriate one to use in this
particular comparison.
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equally valid as the EChL, and it can be indeed recovered from the latter in a particular
limit. Since the SMEFT is commonly employed nowadays in the search for deviations
with respect to the SM predictions for different observables we will briefly discuss its
properties in the next section as well as its specific relation to the EChL.
1.4 THE STANDARD MODEL EFFECTIVE FIELD THEORY AND ITS
RELATION WITH THE ECHL
The Standard Model effective field theory (SMEFT) is based upon a linear realization
of the EWSB as the one presented in the discussion of the BEH mechanism. Therefore,
the nature and interactions of the Higgs boson are intimately related to those of the
EW Goldstone bosons. In particular, the four scalars are embedded in a bi-doublet that
transforms linearly under the EW chiral group SU(2)L × SU(2)R, which means that,
contrary to the EChL case, the Higgs boson interaction terms have always a polynomial
structure in powers of (v+ H).
The Lagrangian of this theory is built such as all the SM symmetries are preserved.
Actually, the leading order Lagrangian is identified with the SM one (thus the name
SMEFT), and the tower of BSM operators is organized in terms of their canonical dimen-
sion:
LSMEFT = LSM +∑
i
fi
Λ2
Od=6i +∑
i
fi
Λ4
Od=8i + . . . (51)
Here, the scale Λ, at which the new physics is expected to emerge, is completely un-
known, and, in principle, there is no guidance towards a particular value.
The specific form of the dimension 6, Od=6i , and dimension 8, Od=8i , operators de-
pends on the choice of basis [200–204]. There are, nowadays, many different bases in
which to write the relevant operators motivated by different types of physics studies [54–
73]. In this section we will consider just a very reduced sample of operators given in a
concrete basis to illustrate the relation between this linear EFT and its non-linear version,
the EChL.
First of all, since the EChL is a more general theory, the number of invariants con-
tained in the Lagrangian is, in principle, larger. This means that independent operators
in the EChL might appear as correlated structures in the SMEFT case. However, this
statement strongly depends on the different orders one is considering in each scenario,
and it has to be treated carefully.
Secondly, the counting in both EFTs is very different. Whereas in the linear scenario
the canonical dimension of each operator is used to organize the expansion, in the non-
linear case the chiral counting governs the classification of invariants. In this sense,
operators of different canonical dimension can contribute to the same order in the chiral
expansion, causing, therefore, a reshuffling of the terms appearing in the Lagrangian
between both theories. Thus, an EChL operator of fixed order in the chiral expansion
might be comparable with operators of different canonical dimension, and therefore
different order, in the linear theory. Since the counting in the non-linear scenario is more
involved, there is some controversy on the weight that is assigned to each operator [205–
210]. In this Thesis we will always use the chiral counting described in the previous
section, but other options can be implemented.
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Having these considerations in mind, it is possible to match both EFTs at the La-
grangian level by defining the following relation:
Φ↔ (v+ H)√
2
U
(
0
1
)
, (52)
which translates the doublet structure of the linear theory, that equals the one given in
Eq. (3), to the framework of the non-linear theory in terms of the singlet H and the
matrix U.
As a concrete example of this matching between both scenarios, we can analyze the
following dimension-8 operators of the SMEFT [211]:
LSMEFT = fS,0Λ4
(
Tr
[
(DµH)†DνH
])2
+
fS,1
Λ4
(
Tr
[
(DµH)†DµH
])2 , (53)
with
H =
1
2
(
v+ H − iw3 −i
√
2w+
−i√2w− v+ H + iw3
)
, (54)
and the covariant derivative defined as in Eq. (41) in terms of H instead of U.
If, now, the replacement given in Eq. (52) is implemented, restraining oneself to
the lowest order in the U expansion in the Goldstone fields, it is easy to arrive at the
following result:
DµH =
v
2
Vµ , (55)
which allows to directly relate the two SMEFT operators presented in Eq. (53) with the
EChL structures controlled by the chiral couplings a4 and a5:
a4 = v4
fS,0
16Λ4
≡ v4 FS,0
16
, a5 = v4
fS,1
16Λ4
≡ v4 FS,1
16
. (56)
We have denoted FS,i = fS,i/Λ4 for shortness and since it is the true combination that
can be probed experimentally, due to the fact that the coefficient fi cannot be separated
from the scale.
With this simple example, the relation between both EFT setups at the Lagrangian
level is shown so experimental and theoretical results derived from each theory can be
compared. Nevertheless, another, more physically motivated, prescription to match both
EFTs is that of comparing on-shell observables, like the VBS cross sections of our inter-
est. Computing a specific observable in each EFT and identifying structures governed
by different parameters supposes a more intricate way of relating both scenarios, since
the translation of the linear parameters to the EChL ones and viceversa becomes process
dependent. However, since theses observables can be tested directly, unlike Lagrangian
operators or even Feynman rules, a more physical interpretation between the match-
ing of both EFTs can be performed. This is indeed of paramount importance as the
intercourse of these theories is crucial in order to be able to distinguish between both
effective descriptions. Should this be achieved experimentally, the true nature of EWSB
would be revealed to be linearly or non-linearly realized.
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1.5 VIOLATION AND RESTORATION OF PERTURBATIVE UNITARITY
We have seen, so far, that effective theories can be an incredibly useful tool to study
the low-energy dynamics of a system in a very model independent way. Specifically the
effective EChL serves as the most general framework to help us understand the true
EWSB dynamical origin. Nevertheless, these constructions, and in particular the EChL,
can suffer from inconsistency problems such as the one of unitarity violation.
Although the UV complete theory has to be unitary in order to ensure probability con-
servation, the EFT that describes it at low energies might violate the unitarity condition
at some point. This happens indeed in the EChL due to the structure of the operators
it contains. The fact that in the context of this strongly interacting dynamics, operators,
and thus, interactions among gauge bosons, scale directly with the external momentum,
leads to a scenario in which predictions of observables can behave pathologically with
energy from a certain energy scale upwards. This pathology translates into a violation
of unitarity of the S matrix, which basically implies an unphysical leak in the interaction
probability among EW gauge bosons at energies that can be probed now at the LHC.
However, predictions that are to be tested at colliders must be fully unitary to be con-
sistent with the underlying quantum field theory. Therefore, a prescription is needed to
translate these non-unitary predictions into reliable, unitary ones with which interpret
the experimental data. These prescriptions are called unitarization methods or proce-
dures, that drive unitary the non-unitary EFT predictions.
In this section the violation of unitarity will be revisited generically and in the specific
context of the EChL. Furthermore, several ways of restoring unitarity, i.e., several uni-
tarization methods, will be introduced and described, since they will be a fundamental
ingredient for this Thesis in the forthcoming Chapters.
1.5.1 UNITARITY OF THE S MATRIX
In a physical process, for the probability current to be conserved, the operator that
controls the evolution of the system has to be unitary, otherwise unphysical quantities
appear in the computation of observables, such as probabilities that exceed unity.
In quantum field theory, the operator that relates the initial and the final states in a
scattering process, and that, consequently, controls the evolution of the system, is the S
matrix, which is usually defined as:
S = 1+ i T , (57)
with T being the transition amplitude matrix containing the actual information about
the scattering and whose entries are the scattering amplitudes. The analytical properties
of the S matrix can be found in [212].
The unitarity condition for the S matrix reads
SS† = S†S = 1 , (58)
which obviously implies some constraints on the transition matrix so that unitarity is
preserved:
SS† = (1+ i T)(1− i T†) = 12 − i1T† + i1T+ TT† = 1+ i(T− T†) + TT† = 1 ,
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i(T− T†) + TT† = 0 , (T− T†) = i TT† , (59)
leading to the final condition:
2 Im[T] = |T|2 . (60)
This relation translates into conditions for the scattering amplitudes of the processes
parameterized by the S matrix, which, in terms of its matrix elements will be:
〈 f | S | i〉 ≡ S f i = δ f i + i(2pi)4δ4(pi − p f )T f i , (61)
leading to an equivalent relation to Eq. (60) for the elements of the T matrix:
T f i − T∗i f = i∑
n
T f nT
∗
ni(2pi)
4δ4(pi − pn)δ4(pn − p f ), (62)
where pi, p f and pn are the momenta of the initial, final and all possible intermediate
particles respectively.
A more friendly and convenient expression regarding the unitarity condition can be
obtained by performing a partial wave analysis [213, 214]. As most scattering processes
are rotationally invariant, we can choose a basis to express our scattering amplitudes
in a way in which this symmetry is manifest. This simplifies greatly the computations
when trying to implement the unitarity conditions of the S matrix, and can be made by
just projecting the amplitudes into the basis of the eigenstates of the angular momentum
operator. For the case we will be interested in, i.e., the 2 → 2 scattering of EW gauge
bosons V =W,Z: Vλ1Vλ2 → Vλ3Vλ4 , we have
Aλ1λ2λ3λ4(s, cos θ) = 16piK∑
J
(2J + 1) dJλ,λ′(cos θ) a
J
λ1λ2λ3λ4
(s) . (63)
Here, A(s, cos θ) is the scattering amplitude for a fixed initial and final polarization state,
denoted by λ1λ2λ3λ4, being s the squared center of mass energy and θ the scattering
angle. J is the total angular momentum and dJλλ′(cos θ) are the Wigner functions with
λ = λ1 − λ2 and λ′ = λ3 − λ4. K is a factor accounting for identical particles in
the final state that takes the value of 1 or 2 if the final particles are distinguishable
or indistinguishable, respectively. Finally, aJλ1λ2λ3λ4(s) is the corresponding amplitude
of the J-th partial wave, which by virtue of the orthogonality relations of the Wigner
functions can be obtained as:
aJλ1λ2λ3λ4(s) =
1
32piK
∫ 1
−1
d(cos θ) dJλ,λ′(cos θ) Aλ1λ2λ3λ4(s, cos θ) . (64)
In all these considerations, we have factored out the dependence on the azimuthal scat-
tering angle φ, since it enters always as a phase that will be trivial for the cross section
computations.
Now, through the relation between the scattering amplitudes and the S matrix it is
easy to obtain the following identity
Im
[
aJλ1λ2λ3λ4(s)
]
= Γ(s,mi) |aJλ1λ2λ3λ4(s)|2
= Γ(s,mi) ∑
λa,λb,λc,λd
aJλ1λ2λaλb(s)a
J∗
λcλdλ3λ4
(s) , (65)
V I O L AT I O N A N D R E S T O R AT I O N O F P E RT U R B AT I V E U N I TA R I T Y 41
where the Γ(s,mi) factor accounts for the phase space integration.
The relation presented above will be of great importance for this Thesis. As it can
be seen in the second line of Eq. (65), the unitarization condition of the partial wave
amplitude for a given helicity state involves not just the amplitudes of that specific combi-
nation of helicities, but many others. Thus, the implementation of the unitarity criterium
has to be performed taking into account the whole coupled system of helicity amplitudes.
This statement will be very relevant in the discussion developed in Chapter 4, since, in
general, this coupled analysis is neglected in the literature.
Coming back to the unitarization condition, by parameterizing the partial wave am-
plitude through its modulus, and its complex phase, ϕ, one can extract the maximum
value of the partial wave modulus that allows to have an elastic S matrix which is uni-
tary:
∣∣∣aJλ1λ2λ3λ4(s)∣∣∣ sin(ϕ) = Γ(s,mi)∣∣∣aJλ1λ2λ3λ4(s)∣∣∣2 . (66)
Besides, at high energies, where s  m2i , so that Γ(s,mi) ∼ 1, the preceding expression
turns into the very simple result: ∣∣∣aJλ1λ2λ3λ4(s)∣∣∣ ≤ 1 . (67)
This unitarity condition implemented at the partial wave level defines a circle in the
complex plane, the Argand circle, in which all partial waves have to lie in order to
ensure the unitarity of the S matrix. It defines as well the unitarity violation scale, ΛU,
that corresponds to the value of the center of mass energy at which the modulus of a
given partial wave becomes one: ∣∣∣aJλ1λ2λ3λ4(Λ2U)∣∣∣ = 1 . (68)
Furthermore, it can be directly translated into a physical observable, such as the cross
section of a determined process, which has to fulfil some requirements in order to ensure
the conservation of probability as well. Using the optical theorem, that relates the total
cross section with the scattering amplitude in the forward direction, θ = 0, and using
the unitarity relations given above, one arrives at the Froissart condition [215]:
A(s, cos θ = 1) < O(s (log s)2),
σ ∼ 1
s
Im
[
A(s, cos θ = 1)
] ⇒ σ < const. (log s)2 , (69)
which establishes an upper bound for the growth of the cross section with energy. It is
clear that, as many interactions coming from the EChL involve derivatives and, therefore,
momenta, when taking matrix elements, the observables related to these interactions
will grow with energy. Therefore, the predictions from this EFT, mainly for longitudinally
polarized vector boson scattering, will violate unitarity at some energy scale, regarded
that the corresponding operator coefficients are not 0. This is a typical feature of chiral
Lagrangians, and will be vastly exemplified and treated in posterior parts of this Thesis.
42 E F F E C T I V E T H E O R I E S F O R E L E C T R O W E A K S Y M M E T RY B R E A K I N G
��������+�+������
500 1000 1500 2000 2500 3000
10
102
103
104
105
106
107
108
109
1010
� (���)
σ(� �
� �
→� �
� �)(�
�)
��������+�+������
��������� ���������
500 1000 1500 2000 2500 3000
10-2
10-1
1
� (���)
� ��
��
�=�
(��
→��
)
Figure 2: SM cross section of the longitudinally polarized WZ→WZ scattering (left) and modulus of the
analogous J = 0 partial wave (right) as a function of the center of mass energy
√
s. Contact, contact (called
c for shortness) plus s and u (c+ s+ u), and total (c+ s+ t+ u) contributions are displayed in each case,
as well as the unitarity violation limit (only right panel). This constitutes an example of the restoration of
unitarity in the SM.
1.5.2 RESTORING UNITARITY: UNITARIZATION METHODS
Unitarity violation can be a serious problem when trying to obtain reliable predictions
for certain observables with the EChL. As we have seen, the operators contained in the
Lagrangian scale with the external momentum of the GBs, so the corresponding cross
sections grow anomalously with energy violating the Froissart condition at a given point.
This is, however, incompatible with the basic principles of quantum field theory, and non-
unitarity predictions cannot be trusted to test them against experimental data.
A possible solution to this unitarity violation problem, that will most importantly
arise in the scattering probabilities of longitudinal EW gauge bosons, is to choose a
particular UV complete theory that has to be unitary by construction. For instance, in
the pure SM limit of the EChL, the unitarity violation of the VBS amplitudes is cured by
the light Higgs interactions [162, 216, 217]. Taking as an illustrative example the elastic
scattering of a W and a Z, WZ→WZ, and studying each diagram contribution to the total
cross section in the longitudinal case, it is easy to see how the energy cancellations take
place among different diagrams leading to a total unitary result.
There exist four diagrams contributing to this scattering at the tree level in the SM:
a contact term, an s and u channels with a W exchange and a t-channel with a Higgs
exchange. Here s, t and u are the usual Mandelstam variables, defined as
s = (pWi + pZi)
2 , t = (pWi − pW f )2 , u = (pWi − pZ f )2 , (70)
with p being the external particle momenta and where i and f denote initial and final,
respectively.
Each of the amplitudes of these diagrams behaves differently with energy. The con-
tact term grows as s2. The s and u channels, due to the gauge invariance of the theory,
are such that their contribution exactly cancels the s2 factors from the contact term. This
is already key for the S matrix to be unitary, albeit not enough, since the s and u channels
leave a remnant linear dependence on s after the cancellation of the s2 terms has taken
place. Nevertheless, when the Higgs boson diagram, corresponding to the t channel con-
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figuration, is introduced, also this linear term in the energy squared is cancelled. This
magic restores completely the unitarity8 of the scattering amplitudes at all energies.
The translation from unitarity at the amplitude level to the unitarity of the cross
sections is a bit less intuitive to see, since the angular integration of the absolute value
squared of the sum of all the diagrams has to be performed. However, one can still track
the s dependence of each of the contributions to the cross section to convince oneself
that VBS cross sections saturate, in general, to a constant value at high energies and that
they are, therefore, unitary.
Once the 1/s phase space factor has been taken into account, the s3 and s2 terms of
the sum of the contact (called c for shortness), s and u diagramas at the cross section
level cancel out. This leads to a c + s + u cross section contribution that scales as s
plus a constant. Nevertheless, when inspecting the analytical expression of the total
cross section, i.e., including all four diagrams, the final result at large energies does not
shown any dependence on s. Thus, the unitarity of the cross section is manifest at all
energies.
In this Fig. 2 the cross section of the longitudinally polarized WZ→WZ scattering
and the modulus of the analogous J = 0 partial wave are displayed as a function of the
center of mass energy
√
s. Three curves are shown on each panel, corresponding to the
c, c+ s+ u, and total (c+ s+ t+ u) contributions. In the left panel the cancellations
amongst each of the contributing diagrams are manifest, leading to a total cross section
that behaves flatly with energy as we have already commented. In the right panel,
the consequences of these cancellations in terms of the partial wave modulus can be
analyzed. It is clear that, without the consistent inclusion of the Higgs diagram in the
SM scenario, unitarity is violated in VBS processes at the few TeV scale.
The previous result supposes a very simple example of how choosing a concrete UV
completion for the EChL solves the unitarity violation problem. There are many other
examples in this regard, such as strongly interacting scenarios in which heavy resonances
dynamically generated by the strong dynamics emerge curing the violation of unitarity
at high energies. The MCHM or the now disfavoured Technicolor models [218–220]
correspond to this kind of strongly interacting UV theories.
However, the appeal of using the EChL as our main tool to study possible BSM physics
in the EWSB sector lies in its generality, in its model independence. Therefore, we need
a prescription to solve the issue of unitarity violation without relying upon choosing a
particular UV completion. To this aim, unitarization methods are often addressed to
construct unitary scattering amplitudes from the raw, non-unitary, EFT predictions. In
the following pages we will introduce and discuss some of these methods that will be
relevant for the results presented in Chapters 4, 5 and 6. Nonetheless, before entering
in the specific details of these unitarization methods, some general considerations have
to be commented.
First of all, it is important to have in mind that relying on a particular unitarization
method implies to make some assumptions about the behaviour of the scattering ampli-
tudes at higher energies than the typical scale energies controlling the EFT expansion
(4piv in the EChL case). In consequence, choosing a concrete method would somehow
be equivalent to make some assumptions about the UV complete theory. There is there-
8 The addition of the Higgs diagrams leads to a constant term with s proportional to mH , and, thus, it lead
to unitary observables provided that H is light enough, particularly, below the TeV.
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fore a trade between obtaining unitary predictions for observables and losing some of
the model independence inherent to EFTs.
Nevertheless, there is a caveat in this statement. When the EFT includes by con-
struction the presence of resonant heavy states in the spectrum the various unitarization
methods for VBS usually provide comparable results, since the main features of the res-
onances (mass and width) are present in all cases. However, when the resonances are
instead generated dynamically by the unitarization method itself this is not the case
anymore and the results may vary substantially from one method to another. Neverthe-
less, it is important to notice that if the unitarization methods provide amplitudes with
the proper analytical structure, they can all accommodate dynamically generated reso-
nances as poles in the unitarized amplitudes whose mass and width are predicted to be
more or less the same independently of the employed method, when applicable [115].
This means that in the resonant scenario, the model independence of the EFT prediction,
which is in principle distorted by the unitarization method, is, in practice, achieved. The
resonant scenario will be deeply studied in Chapters 5 and 6, where estimates of the LHC
sensitivity to vector resonances generated dynamically by a strongly interacting EWSB
system are provided with the help of different techniques.
Furthermore, in the case of non-resonant scenarios, i.e., when looking for smooth
deviations from the SM continuum, different unitarization methods can lead to out-
standingly different predictions for diverse observables. This suggests that, in order not
to lose the appealing model independence of EFTs in the non-resonant case, the pre-
dictions given from the different unitarization methods available have to be contrasted.
This inevitably introduces a theoretical uncertainty in the unitarized EFT predictions,
whose quantitative estimation is precisely what will be pursued in Chapter 4.
Second of all, all unitarization schemes have to provide similar predictions in the
low energy region. This is a well known feature in the context of ChPT, where the
scattering amplitudes from the chiral Lagrangian, unitarized with the various methods,
do recover the ChPT prediction at low energies as a consequence of the well known low-
energy theorems. This is of outstanding importance for the consistency of the resulting
predictions.
Having stated all these considerations, we proceed to briefly explain the unitarization
methods that we are going to consider in the present Thesis. We have selected them
based on the fact that they are the most commonly employed ones in the literature.
They can be classified in two categories: 1) the ones that directly suppress ad-hoc the
pathological energy behaviour of the amplitudes with energy (that we call here, as it
is usual in the literature, Cut off, Form Factor [221–223] and Kink [105]), and 2) the
ones that unitarize the first three partial waves (J = 0, 1, 2) from which then the unitary
total amplitude is reconstructed (K-matrix [108, 211, 224–227] and Inverse Amplitude
Method [86, 90–92, 94, 95, 98, 111–113, 116, 148–155] (IAM)).
The reason why only the three lowest order partial waves are unitarized can be
understood by means of the ET. In the scattering involving just scalars in the external
legs, since the amplitude corresponds to a polynomial expansion in energy up to order
s2, once one computes with the EChL at order O(p4), all partial waves with J > 2 project
to 0. Thus, the unitarity violation arising from the strongly interacting character of the
interactions among scalars must be encoded in just the three mentioned partial waves
even if we consider full gauge bosons in the external legs of our computations.
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The various unitarization methods considered in the present Thesis differ in their
physical implications and motivation, and in their analytical properties, that we will
discuss in the next paragraphs. Despite these differences, and the fact that some of
them could be more physically justified than others, there is not a clear prior to choose
a particular method with respect to the others.
We now list the five unitarization prescriptions considered in this Thesis with a brief
explanation of each of them. Nevertheless, other procedures, such as the improved K-
matrix [228], the T-matrix [211, 229] or the N/D method [152, 230], are often used
in the literature and are well motivated from the EFT point of view as well. For brevity,
since they are not relevant for the work presented in this Thesis, we will omit them in
this section. A complete description and comparison among unitarization methods can
be found in [115].
• Cut off: The Cut off corresponds to a prescription that allows to obtain unitary
amplitudes but it is not a unitarization method per se. It just consists in discarding
those predictions given for energy values above the unitarity violation scale ΛU,
defined as the lowest value of
√
s at which any partial wave crosses the unitarity
bound stated in Eq. (68).
• Form Factor (FF): In this case what is done is to suppress the pathological behav-
ior of the amplitudes with energy above the scale at which each of them violate
unitarity. To that purpose, a function of the form [221–223]:
f FFi = (1+ s/Λ
2
i )
−ξi , (71)
is employed. In this expression s corresponds to the center of mass energy squared,
Λi to the specific value of
√
s at which the helicity channel i violates unitarity
according to Eq. (68) and ξi to the minimum exponent that is sufficient to fix
the energy behavior of the corresponding ith helicity amplitude. Thus, every non-
unitary helicity amplitude will be unitarized in the following manner:
Aˆλ1,λ2,λ3,λ4 = Aλ1,λ2,λ3,λ4 · (1+ s/Λ2λ1,λ2,λ3,λ4)−ξλ1,λ2,λ3,λ4 , (72)
with Aˆ being the unitary amplitude and A the non-unitary EFT prediction.
• Kink: The Kink method is conceptually the same as the Form Factor one. The only
difference existing between both prescriptions is that the suppression in the Kink
method is performed with a step function [105]:
fKinki =
{
1 s ≤ Λ2i
(s/Λ2i )
−ξi s > Λ2i
. (73)
However, the rest of the discussion regarding the Form Factor is equally valid for
the Kink case.
• K-matrix: This method is a prescription applied to the partial wave amplitudes
that consists in projecting the non-unitary partial waves into the Argand circle
through a stereographic projection. This means that a imaginary part is added ad
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hoc such that the unitarity limit is saturated. For each helicity partial wave, this is
achieved by using the following expresion:
aˆJ;K−matrixλ1λ2λ3λ4 =
aJλ1λ2λ3λ4
1− i aJλ1λ2λ3λ4
, (74)
that holds for each helicity amplitude at a time.
• Inverse Amplitude Method (IAM): The Inverse Amplitude Method is very well
known in the context of ChPT in QCD for effective descriptions of pion-pion scat-
tering [148–151, 155], and its accuracy has been proved in various scenarios, like,
for instance, in the prediction of the ρ meson as an emergent resonance in these
scattering processes. It is based on the application of dispersion relations (bidirec-
tional mathematical prescriptions allowing to relate the real and imaginary parts of
complex functions) to the inverse of the partial wave amplitudes computed in the
EFT framework. This unitarization procedure can actually be understood as the
result of the first Padé approximant [231–233] derived from the chiral expansion
series provided by ChPT. In practice, this method implements the re-summation of
loops with bubble configurations in the s-channel of the given scattering process.
Therefore, in the context of the EChL, it accounts for re-scattering effects that are
not taken into account with the other unitarization methods. As we have exten-
sively commented, this makes sense in the context of a strongly interacting theory
since these re-scattering contributions are not suppressed as in weakly interacting
systems.
Within ChPT the GB scattering amplitudes are computed as a series expansion at
different orders in momenta of the external scalars, also at the partial wave level,
aJλ1λ2λ3λ4(s) = a
(2) J
λ1λ2λ3λ4
(s) + a(4) Jλ1λ2λ3λ4(s) + . . . (75)
where a(2) Jλ1λ2λ3λ4(s) accounts for the contributions that come from the terms in L2
at tree level and that are of order O(p2), and a(4) Jλ1λ2λ3λ4(s) for the contributions of
order O(p4), coming from L4 at tree level and from L2 at one loop level. Because
of this, aJ(s) will behave as a polynomial in s that, when truncated at a given
order, will lead to the violation of unitarity. Still, the unitarity condition holds
perturbatively,
Im
[
a(4)J (s)
]
= Γ(s,mi)
∣∣∣a(2)J (s)∣∣∣2 . (76)
Thus, within ChPT, one recovers unitarity perturbatively, meaning that the imagi-
nary part of the NLO (i.e., the contribution of the chiral loops) in the chiral expan-
sion unitarizes the LO part.
We wish, however, to go beyond perturbative unitarity by applying the IAM, which
leads to the following fully unitarized helicity partial wave amplitudes:
aˆJ;IAMλ1λ2λ3λ4 =
(
a(2) Jλ1λ2λ3λ4
)2
a(2) Jλ1λ2λ3λ4 − a
(4) J
λ1λ2λ3λ4
. (77)
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This rather simple expression encodes an important property of the strongly inter-
acting EW Goldstone bosons dynamics. It does not provide just unitary predictions,
but also the appropriate analytical structure of the VBS amplitudes. This implies
that it can accommodate dynamically generated resonances appearing as poles in
the second Riemann sheet of the partial wave with the corresponding J quantum
number. Furthermore, it is worth commenting that, according to [228], similar
results as those obtained with the IAM regarding the appearance of dynamical res-
onances are also provided by other alternative unitarization methods that lead to
the proper analytical structure, such as the N/D or the improved K-matrix.
This is in contrast to the unitarized partial waves with the (original) K-matrix
method that do not have poles. These resonances, that appear naturally at high en-
ergies in strongly interacting theories, such as in the case of low-energy QCD, can
be the key to disentangle the true nature of the EWSB sector. Therefore, the capa-
bility of the IAM to accommodate them consistently within the EFT predictions is
of paramount importance.
We have just outlined the main properties of this particular unitarization method
in this section, since it will be specifically used in the following chapters in more
depth, especially in Chapters 5 and 6. The pertinent further details regarding the
IAM will be commented, therefore, in the forthcoming Chapters of this Thesis.
In this Chapter we have reviewed the generalities of spontaneous EW symmetry
breaking and its possible linear and non-linear realizations. We have also introduced
the effective electroweak chiral Lagrangian with a light Higgs boson in full detail, since
it corresponds to the theoretical pilar of this Thesis. The Standard Model effective field
theory has been briefly discussed as well, and so has its matching to the EChL. Finally,
unitarity violation in the context of the effective description of EWSB has been revisited,
together with some of the most usual procedures that allow to cure this pathology.
Being the theoretical bases of this Thesis presented, we now move on to a more
phenomenological Chapter, in which we will exhaustively study the interactions between
EW gauge bosons, i.e., the vector boson scattering processes.
2 VECTOR BOSON SCATTERING
Ideally, the study of the EWSB sector would imply to scrutinise the EW Goldstone boson
dynamics with exquisite detail. Nevertheless, as it has become clear in the previous
Chapter, when a local symmetry is spontaneously broken these particles are unphysical,
and, therefore, they cannot be produced directly at experiments. Being this so, how can
we study EWSB efficiently? Fortunately, despite the absence of the Goldstone bosons in
the spectrum, we can profit from the close relation existing between them and the EW
gauge bosons.
Thanks to the equivalence theorem, Eq. (12), it is known that, at energies well above
the EW gauge boson masses, the Goldstone boson dynamics can be comprehended
through the longitudinally polarized EW gauge boson interactions. Interestingly, this
high energy region is the one in which the GBs would manifest their strongly interacting
character, so it is, indeed, the one we should explore in our quest to understand the
EWSB.
All this points towards the fact that, in order to study the EWSB sector, one must look
at vector boson scattering processes, since they hide the heart of the strong interactions
among scalars we are aiming to probe. In particular, the scattering of longitudinally
polarized vector bosons should help us shed some light into this interesting issue. Fur-
thermore, VBS processes are well characterized experimentally, and have even served to
achieve very important measurements. They have also helped determining some of its
fundamental properties at the LHC.
For all these reasons, in this Thesis we will base our study on vector boson scattering
observables to try to disentangle some relevant aspects of a possibly strongly interacting
EWSB sector. To this purpose, in this Chapter we will revisit some of the most important
features of these VBS configurations.
Since we expect the relevant physical properties of these systems to appear already
at the subprocess level, we will start by characterizing various interesting VBS processes
with EW gauge bosons as external particles. First, we will study the SM predictions
for these observables, as the SM itself will be unavoidably one of the irreducible back-
grounds we will have to deal with once we move on to the LHC case. Then we will
analyze the properties of VBS in the EChL and we will compare them with the SM val-
ues to get an idea of the deviations we would expect to observe if the EChL were the
correct description of the true EWSB nature. Afterwards we will explore the violation
of unitarity in VBS processes and how it could affect our predictions and their interpre-
tation when compared against experimental data. All this will be done paying special
attention to the polarization of the initial and final gauge bosons, since our real interest
will be to access the longitudinal components of these particles.
Nevertheless, since, nowadays, there is no W or Z collider, we will ultimately need
to study the production of EW gauge bosons that then re-scatter to obtain the full VBS
picture. Because of this, we will also present in this Chapter a review of the main
properties of VBS processes at the LHC, since through these observables we will be able
to test the EChL experimentally. Besides, the LHC characterization of VBS topologies
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will lead to a well known and very interesting result, which is that the VBS kinematical
configurations are really special. Their genuine properties will allow us to disentangle
them very efficiently from undesired backgrounds in the forthcoming Chapters of this
Thesis, making these observables not only theoretically interesting due to their relation
to the EWSB dynamics, but also experimentally due to their remarkable cleanliness.
Finally, we will conclude this Chapter with a review of the most interesting and up
to date VBS experimental searches that the LHC has performed, as well as the future
prospects on the study of these observables at colliders.
2.1 SCATTERING OF ELECTROWEAK GAUGE BOSONS
As it has been already stated, new physics appearing in the EWSB sector should be ob-
servable already at the subprocess level. Therefore, it is important to study the scattering
of EW gauge bosons directly both in the SM as our starting point, and in the EChL to
gain intuition on the deviations we should expect from the new interactions it describes.
This section is devoted to this task: a profound characterization of VBS at the sub-
process level in the SM and in the EChL.
2.1.1 VECTOR BOSON SCATTERING IN THE STANDARD MODEL
The SM prediction of VBS observables represents our starting point as it will always
correspond to our null hypothesis, i.e., the case in which there were neither new inter-
actions nor new particles in the EWSB sector. Thus, it will always be, somehow, our
irreducible background: the value one should compare against in order to determine if
there is BSM physics around the corner.
In this subsection we present the main SM features of VBS. We will start by compar-
ing the behaviour of five different VBS channels W+W+→ W+W+, W+W−→ W+W−,
W+W−→ ZZ, W+Z → W+Z and ZZ → ZZ as a function of different kinematical vari-
ables. We have not included the W−W−→ W−W− nor the W−Z→ W−Z, since, at the
subprocess level, they lead to the same results as their positively charged counterparts
due to CP invariance of EW gauge boson self-interactions. The Feynman diagrams that
contribute to the W+W−→W+W−, W+Z→W+Z and ZZ→ ZZ are displayed in Figs. 3-
5. The rest can be obtained by crossing symmetry.
In Fig. 6 we present the unpolarized (i.e., adding consistently all the possible polar-
ization states for initial and final gauge bosons and averaging over the initial states) SM
cross sections of the five mentioned processes with respect to the two main kinematical
variables: center of mass energy
√
s (left) and scattering angle θ (right). The latter is
defined as the angle formed by the incoming W+ and the outgoing W+ or Z, except in
the W+W+→ W+W+ and ZZ → ZZ cases, where the assignment is made between one
of the incoming particles and one of the outgoing particles, since they are all identical.
Very important features of the VBS processes can be extracted from this Figure. First
of all, regarding the left panel, and thus the behaviour of VBS observables with the
center of mass energy, it is clear that, at high energies, all five channels depend similarly
on the energy. It is important to mention that a kinematical cut has been set in the phase
space integration, requiring | cos θ| ≤ 0.96, to cure the Coulomb singularity present in
some of these processes. This cut is responsible of the fact that cross sections fall slightly
as the energy increases. In the cases in which the cross section can be computed safely
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Figure 3: SM diagrams contributing to the W+W−→ W+W− process in the Unitary gauge.
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Figure 4: SM diagrams contributing to the W+Z→ W+Z process in the Unitary gauge.
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Figure 5: SM diagrams contributing to the ZZ→ ZZ process in the Unitary gauge.
integrating in all possible angular values, the predictions show a flat behaviour with
energy, which is very characteristic of the VBS configurations, as it was already the case
in Fig. 2. Second of all, although the energy behavior is shared between all the studied
processes, the cross section value at a given energy is very different among them. The
ZZ→ ZZ case results to be, in general, two orders of magnitude smaller than the others,
which differ in less than a factor 2 at high energies.
In the right panel of Fig. 6 we can see the shape of the differential cross sections as a
function of the cosine of the scattering angle for a fixed energy value of
√
s =1 TeV as a
reference. Here, the differences between the various channels are clear. The ones having
identical particles in the final state, W+W+→ W+W+, W+W−→ ZZ and ZZ → ZZ, are,
as expected, symmetrical. The former two peak at cos θ ∼ ±1 due to the exchange of a
vector boson in the t and u channels, related to the scattering angle:
t =
(∑m2i − s)
2
(1− cos θ) , u = (∑m
2
i − s)
2
(1+ cos θ) , (78)
where mi stands for any initial or final particle mass. The latter ZZ → ZZ process,
however, seems to be nearly independent of the scattering angle as only scalars are
exchanged in internal legs.
The remaining two, W+W−→ W+W− and W+Z → W+Z are highly asymmetrical:
the one involving no Z bosons becomes larger in the forward direction (cos θ ∼ 1),
whereas the other does it in the backward direction (cos θ ∼ −1). This can be easily
understood by checking the corresponding diagrams contributing to each of them, since
in the W+W−→ W+W− case a vector boson is exchanged in the t channel and a scalar
boson in the u channel. The opposite happens in the W+Z→ W+Z process.
Now that the energy and angular behaviour of the SM predictions are settled, we can
move on to study the characteristics of the cross sections involving different polarizations
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Figure 6: SM predictions for the cross sections of five representative VBS processes: W+W+→ W+W+,
W+W−→ W+W−, W+W−→ ZZ, W+Z → W+Z and ZZ → ZZ. Left panel shows the total cross section
as a function of the center of mass energy integrated in | cos θ| ≤ 0.96, with θ being the scattering angle
as defined in the text. Right panel shows the differential cross section as a function of the cosine of the
scattering angle for a fixed energy of
√
s =1 TeV.
of the final and initial gauge bosons. Since each massive vector boson has three possible
polarization states, the total number of helicity amplitudes corresponds to 81 (3×3 ini-
tial states times 3×3 final states). However, if we group all the transverse modes into a
single category, and consider the LT state together with the TL one, defining AB= VAVB
and LT=(LT+TL), this quantity reduces to 9 possibilities: LL → LL, LL → LT, LL → TT,
LT→ LL, LT→ LT, LT→ TT, TT→ LL, TT→ LT and TT→ TT.
The W+Z → W+Z scattering cross sections corresponding to the different helicity
states as a function of the center of mass energy are displayed in Fig. 7, integrating in the
whole available phase space (left) and with the same kinematical cut imposed in Fig. 6
(right), for comparison. We have selected a representative example among the ones
shown in the previous results to illustrate the behaviour of the different polarizations
involved in the scattering. The W+Z → W+Z process serves very well to this purpose,
and will be of great relevance in subsequent parts of this Thesis, so we will choose it as
our main example in several occasions from now on.
An outstanding conclusion follows from Fig. 7: the polarization modes of the gauge
bosons (meaning longitudinal or transverse) are, to a good approximation, conserved
in VBS processes. It is clear that the three amplitudes that preserve these polarization
modes, LL → LL, LT → LT and TT → TT, are, especially at high energies, more than
three orders of magnitude larger than the others, so they will clearly dominate in the
total, unpolarized cross section. Thus, it is fair to say, that if the polarization of the final
gauge bosons was measured, it will most likely come from the scattering of two gauge
bosons with the same polarization mode. This is a remarkable result, since obtaining a
measurement of a longitudinally polarized diboson system would imply to probe directly
the heart of the interactions among scalars.
Beyond the conservation of the polarization state, from these images it can also be in-
ferred that the purely transverse scattering dominates, followed by the mixed transverse-
longitudinal and by the purely longitudinal one, respectively. In fact, there is roughly
an order of magnitude difference between the purely transverse and the purely longitu-
dinal contributions, being the mixed one between both of them. This indicates that the
main Goldstone boson interactions will be in general slightly suppressed in VBS since
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Figure 7: Predictions of the SM cross section as a function of the center of mass energy of the process
W+Z→W+Z for different polarizations of the initial and final bosons. We display the different polarization
cross sections integrated in two choices of the center of mass scattering angle, | cos θ| ≤ 1 (left panel) and
| cos θ| ≤ 0.96 (right panel), corresponding the latter to |ηW,Z| ≤ 2.
the transverse modes tend to dominate the total cross sections, so tiny deviations in
the longitudinally polarized gauge bosons will might not be visible as deviations in the
total cross sections. However, sizable deviations, such as the ones currently allowed
experimentally in the EChL case, might be observed, as we will see in the forthcoming
pages.
The last important comment regarding this figure concerns the typical behaviour of
the VBS cross sections with energy commented before. As we have said, when the phase
space integration is performed in the whole range of the scattering angle a flat energy
dependence is obtained, at least for the polarization-conserving cross sections that then
dominate the unpolarized, total one. This feature can be indeed seen in the left panel
of Fig. 7. Nevertheless, when a cut is imposed on the scattering angle, they tend to
fall mildly with energy (right panel of Fig. 7). This feature will be relevant in order to
identify VBS topologies against possible backgrounds.
We conclude this subsection with the partial wave analysis of the unpolarized SM
W+Z → W+Z cross section as a reference. Recalling Eq. (63), every helicity amplitude
can be expanded in the base of angular momentum. The coefficients of this expansion
are the partial waves of each helicity configuration, and they correspond to different
values of the angular momentum J. Thus, according to the given expression, the total
cross section can be reconstructed from the values of the partial waves.
It is customary to find in the literature that it is possible to obtain the total cross
section with moderate accuracy by cutting the series at J = 2. As it has already been
commented in this Thesis, this is the exact case in the equivalence theorem, when only
scalars are considered in the cross section computations, since all the higher order terms,
i.e., J > 2, project to 0. However, this assumption fails when considering full gauge
bosons in the external legs, as it is shown in Fig. 8. There, the purely longitudinal SM
W+Z → W+Z cross section is displayed as a solid, red line, again integrating in two
choices of the scattering angle, | cos θ| ≤ 1 and | cos θ| ≤ 0.96. The dashed lines repre-
sent the cross section reconstructed using Eq.(63) truncating the partial wave series at
different values of the angular momentum J. It is plain that, especially at high energies,
the partial wave expansion converges very slowly, and many orders in the angular mo-
mentum expansion need to be considered to retrieve the correct prediction of the initial
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Figure 8: Cross section as a function of the center of mass energy of the process W+L ZL →W+L ZL computed
in the SM integrating in the whole scattering angle (left panel) and with a kinematical cut: | cos θ| ≤
0.96 (right panel). Solid red line corresponds to the cross section computed directly from the original
scattering amplitude. Dashed lines show the cross section reconstructed using Eq. (63) truncating the
series at different values of the angular momentum J.
cross section. This conclusion will be of paramount importance in posterior Chapters,
especially in the ones regarding unitarity violating issues.
At this point we have extensively characterized the VBS processes in the SM at the
subprocess level. It is time to study the possible deviations from these predictions that
will arise from the new EWSB interactions introduced by the EChL.
2.1.2 VECTOR BOSON SCATTERING IN THE ELECTROWEAK CHIRAL LAGRANGIAN
The electroweak chiral Lagrangian, introduced in the previous Chapter, parameterizes
new EWSB physics through operators that are controlled by a finite set of low-energy
parameters. In this sense, for determined values of these parameters, deviations with
respect to the SM predictions should be observed in a variety of observables. Concretely,
VBS should be very sensitive to these new interactions. In this subsection we will explore
how the EChL operators affect VBS observables.
Not all the terms appearing in the EChL are expected to affect the VBS processes in
the same way. For instance, taking a look at Eq. (47), it can be seen that the operators
weighted by a4 and a5 are the most relevant ones in terms of VBS processes. They only
involve Goldstone boson interactions, which in the end are the heart of the strongly
interacting system, and they are the only ones that remain present in the Lagrangian
if the gauge interactions are switched off. Since their contribution is expected to be
the dominant one in terms of deviations with respect to the SM in VBS observables we
will use them as reference in the forthcoming pages in order to illustrate the different
characteristics of VBS in the EChL. Other parameters will become relevant in posterior
parts of this Thesis, as we shall see.
In order to characterize the EChL predictions for VBS observables, since our final
aim is to compare them against the SM values, we may start by scrutinizing their energy
and angular behaviour, as we did for the SM case. In Fig. 9 we present the results of
the previously commented processes (W+W+→ W+W+, W+W−→ W+W−, W+W−→
ZZ, W+Z→ W+Z and ZZ→ ZZ) computed within the EChL with non-vanishing values
of a4, a5 or both parameters simultaneously. Upper panels show the total cross section
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Figure 9: EChL predictions for the cross sections of the five chosen VBS processes: W+W+→ W+W+,
W+W−→ W+W−, W+W−→ ZZ, W+Z → W+Z and ZZ → ZZ. Upper panels show the total cross section
as a function of the center of mass energy integrated in | cos θ| ≤ 0.96, with θ being the scattering angle
as defined in the text. Lower panels show the differential cross section as a function of the cosine of the
scattering angle for a fixed energy of
√
s =1 TeV. Left panels correspond to a4 = 0.01 and a5 = 0, whereas
right panels display the opposite scenario: a4 = 0 and a5 = 0.01.
as a function of the center of mass energy integrated in | cos θ| ≤ 0.96, with θ being the
scattering angle as defined before. Lower panels show the differential cross section as a
function of the cosine of the scattering angle for a fixed energy of
√
s =1 TeV. Left panels
correspond to a4 = 0.01 and a5 = 0, whereas right panels display the opposite scenario
a4 = 0 and a5 = 0.01.
It is clear that these results differ very much from those obtained within the SM
(Fig. 6), except at low energies where both predictions match as it was expected from
the low-energy theorems. However, regarding the behaviour at high energies, the cross
sections do not fall down with energy anymore. Instead, they grow, as it was expected
due to the derivative character of the Goldstone boson interactions. This happens in all
channels and for both a4 and a5 different from 0. Furthermore, the net size of each of the
studied VBS channels changes with respect to the SM case. Whereas before, in the SM
computation, the ZZ→ ZZ cross section was the smallest by several orders of magnitude,
in the EChL it grows to be, at high energies, the largest or next-to largest one. This might
be a consequence of the fact that in the SM there is no quartic term between four Zs, i.e.,
no contact diagram, whereas in the EChL this four vector interaction exists. The present
results indicate that the deviations from the EChL with respect to the SM will be larger
in the ZZ→ ZZ case than in the rest, that are of comparable size up to a factor 10.
From the upper panels it is also plain that a4 and a5 have different effects in each
of the studied VBS channels. For instance, the cross section obtained for the W+W+→
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Figure 10: Predictions for the total cross section of W+W+→ W+W+, W+W−→ W+W−, W+W−→ ZZ,
W+Z → W+Z and ZZ → ZZ computed within the EChL as a function of a4 with a5 set to 0 (left) and as
a function of a5 with a4 set to 0 (right). The center of mass energy has been fixed to
√
s =1 TeV and
| cos θ| ≤ 0.96 has been required. SM cross section values are marked with solid circles.
W+W+ scenario is significantly larger, at high energies, for a4 = 0.01 and a5 = 0 than for
the opposite case: a4 = 0 and a5 = 0.01. In the ZZ→ ZZ channel, on the contrary, both
choices of the EChL parameters lead to the same results. This facts can be understood
from the Feynman rules collected in Appendices A and B in terms of the a4 and a5
dependence of the different contributions.
In what concerns the angular behaviour of these cross sections, i.e., the results shown
in the lower panels of Fig. 9, many differences with the SM prediction can be seen as
well, and the difference between the a4 and a5 contribution to each of the VBS processes
is even clearer than in the upper panels. First of all, although their precise shape changes,
the symmetry or asymmetry of each differential cross section is trivially maintained with
respect to the SM case: W+W+→ W+W+, W+W−→ ZZ and ZZ → ZZ are symmetric
in the cosine of the scattering angle whereas W+W−→ W+W− and W+Z → W+Z are
asymmetric. Second of all, the relative size of each cross section changes, as it was
expected from the commented results presented in the upper panels.
However, the most surprising results is that of the W+Z→W+Z channel, that shows
an outstanding different behaviour for a4 6= 0 than for a5 6= 0. In the former case,
the diminishment of the cross section in the forward direction that took place in the
SM computation is highly alleviated, whereas in the latter it is maintained even to its
SM value. Taking a look at the interaction vertex of two Ws and two Zs in the EChL,
(see Appendix B), for the kinematical configuration of the W+Z→ W+Z process, a4 will
control the (s2 + u2) behaviour of the amplitude and a5 the t2 one. Since t becomes
minimal in the forward direction, when only a5 is switched on, the t2 factor diminishes
the cross section for cos θ ∼ 1, pulling it towards the SM one. On the other hand, u
diminishes in the opposite direction and becomes maximal at cos θ ∼ 1. Therefore, if
a4 is different from 0 the cross section rises for values close to cos θ ∼ 1. This feature
is indeed very interesting since it could be used to disentangle the values of a4 and
a5 independently by looking at different kinematical regions of the same VBS process.
The same arguments can be used in the analysis of the other VBS channels, that suffer,
however, from less severe modifications due to their concrete kinematical configurations.
It is manifest that our two main chiral parameters, a4 and a5, have different impacts
in the various VBS channels. Therefore, it is interesting to study the EChL total cross
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Figure 11: Total cross section of the five VBS processes introduced in the text computed within the EChL as a
function of a4 with a5 = 0.01 (upper left), and as a function of a5 with a4 = 0.01 (upper right). Lower panels
show the differential cross section as a function of the cosine of the scattering angle for a4 = a5 = 0.01
(left) and for a4 = −a5 = 0.01 (right). In all cases the center of mass energy has been fixed to
√
s =1 TeV.
In the upper panels | cos θ| ≤ 0.96 has additionally been required and the SM prediction has been marked
with a solid circle.
section predictions as a function of these two coefficients. This is precisely what is
displayed in Fig. 10, for
√
s =1 TeV, | cos θ| ≤ 0.96 and a5 = 0 (left) and for
√
s =1
TeV, | cos θ| ≤ 0.96 and a4 = 0 (right). The SM reference values are marked with a solid
circle for comparison. The most important feature that becomes clear in these Figures is
that the cross section values do not practically depend on the sign of each of the chiral
parameters, since the results are almost symmetric with respect to ai = 0.
But, what happens if both parameters are taken into account at the same time? To
answer this question we present in Fig. 11 the total cross section of the five VBS processes
computed within the EChL as a function of a4 with a5 = 0.01 (upper left), and as a
function of a5 with a4 = 0.01 (upper right). The lower panels show the differential
cross section as a function of the cosine of the scattering angle for a4 = a5 = 0.01 (left)
and for a4 = −a5 = 0.01 (right). In all cases the center of mass energy has been fixed
to
√
s =1 TeV. In the upper panels the phase space integration has been performed in
| cos θ| ≤ 0.96. Again, the SM cross section is signalled with a solid circle.
The first clear conclusion that one can extract from these Figures is that, paying
attention to the upper panels first, the different VBS channels are governed by different
combination of a4 and a5 when they are considered simultaneously. For instance, the
process ZZ→ ZZ shows a clear overall dependence on the combination (a4 + a5), since
for a4 = −a5 the SM value is recovered. In the other cases the concrete dependence is
not as obvious, since in most of them the a4 and a5 effect cannot be factored out directly,
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Figure 12: EChL total cross sections of W+Z → W+Z (left panel) and W+W−→ W+W− (right panel) as
a function of the center os mass energy
√
s = for different values of the chiral parameters: a4 = a5 =
0.01, 0.001, 0.0001. The SM prediction is shown as well for comparison. Phase space integration has been
performed in | cos θ| ≤ 0.96.
like in the W+Z → W+Z, where the chiral parameter dependence of the amplitude is,
as we already saw, of the generic form a4(s2 + u2) + a5 t2. All these dependences can
be, nevertheless, inferred from the inspection of the EChL Feynman rules. It is worth
commenting at this point that we have checked that fixing the opposite sign values for
a5 and a4 in the upper left and right panels, respectively, one obtains almost the mirror
image with respect to ai = 0 of these plots.
Regarding the angular distributions obtained when both parameters are considered
together, shown in Fig. 11, the general behaviours of the achieved results for the cases
a4 = a5 = 0.01 (lower left) and for a4 = −a5 = 0.01 (lower right) are very similar
to those presented in Fig. 9. The main difference lies in the ZZ → ZZ process once
again, since, in the case in which both parameters are equal but of opposite sign, the
BSM contributions cancel out and the SM prediction is retrieved. In the other cases, the
kinematical configurations of the specific contact diagram lead to the explanation of the
curves appearing in the Figure, following the same kind of arguments presented above
in these pages.
To conclude the characterization of the VBS processes in the EChL framework, we
present Fig. 12, where a clearer comparison between the EChL and the SM predictions
can be made. To this purpose we have chosen two examples, the W+Z → W+Z and
the W+W−→ W+W− to illustrate the different energy behaviour of the EChL total cross
sections comparatively to the SM one for | cos θ| ≤ 0.96. In this Figure, three different
values of the chiral parameters are considered: a4 = a5 = 0.01, 0.001, 0.0001. At low
energies, near the EW scale, these three cross sections match exactly the SM one, as
they should as a consequence of the well known features of chiral perturbation theory.
At high energies, on the contrary, they depart from the SM value significantly. The larger
the values of the parameters, the larger the enhancement with respect to the SM, that,
for
√
s =3 TeV, goes from a factor 4 in the W+Z → W+Z for a4 = a5 = 0.0001 to five
orders of magnitude in the W+W−→ W+W− for a4 = a5 = 0.01. This indicates that
if the true dynamics of the EWSB sector can be described by the EChL with parameter
values of the order of 0.01, the deviation with respect to the SM in this VBS observable
could be clearly visible.
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At this point, when we have stablished the characteristics of the various VBS channels
in the context of the EChL, two features have to be pointed out. The first one concerns
the behaviour of the different polarizations in the EChL case. We have not shown it here
for brevity, but we have explicitly checked that the polarization modes are approximately
conserved even beyond the SM predictions. The EChL cross sections manifest a similar
behaviour than those presented in Fig. 7 for the SM case when considering different
polarizations. Obviously, the channels involving longitudinally polarized gauge bosons
change with respect to the SM prediction due to the new interactions driven by the
EChL operators while the transverse modes are much less affected. In this sense, the
predictions of both setups are not comparable, but we wanted to state that even in BSM
physics scenarios, such as in the EChL, the polarization modes are conserved especially
at high energies in VBS processes.
The other important comment to be made at this stage concerns the violation of uni-
tarity discussed in the previous Chapter. Since the EChL cross sections grow with energy,
as we have just concluded, for each fixed value of a4 and a5 (and the rest of the chiral
parameters) there exists an energy value at which unitarity is violated. Intuitively, the
larger the values of the chiral coefficients, the smaller the energy at which the unitarity
violation takes place. If this occurs for very high energies, larger than those accesible
now at experiments, the EFT framework can be safely used. If not, the unitarity viola-
tion problem has to be cured in some way to be consistent with the underlying quantum
field theory. Being in one scenario or the other would depend on the values of the chi-
ral parameters, so a study of the violation of unitarity in the EChL as a function of these
coefficients is now required. The next subsection is devoted precisely to such an analysis.
2.1.3 VIOLATION OF UNITARITY IN VECTOR BOSON SCATTERING OBSERVABLES
The violation of unitarity arising from the EChL Goldstone interactions is one of the
central issues of this Thesis. It will be extensively studied in posterior Chapters for
different setups and scenarios so this subsection is aimed to be just a brief introduction
to this phenomenon in VBS observables.
As we have seen, the EChL predictions of VBS processes grow with energy as a
consequence of the momentum dependence of the interactions among the longitudinally
polarized EW gauge bosons. At a given energy, for a determined value of the chiral
parameters, the partial waves corresponding to those predictions surpass the unitarity
limit given in Eq. (68). If the scale of unitarity violation lies within the energy interval
that can be probed experimentally, the interpretation of the data through the non-unitary
predictions falls in an inconsistency. If this were the case, a prescription would be needed
to solve the unitarity violation problem. Chapters 4, 5 and 6 will be devoted to this issue.
But, first, we need to get an idea of how the unitarity violation scale changes as a
function of the chiral parameters. In other words, we need to characterize the violation
of unitarity in our particular framework: VBS within the EChL. This first estimate can
be easily done by studying the partial wave amplitudes of the different VBS channels in
the isospin limit, i.e., when g′ = 0, sw = 0 and mW = mZ. Due to the smallness of the
value of g′ and sw, and to the similarity of the EW gauge boson masses, this assumption,
in which custodial symmetry is exactly conserved, is well justified, and, therefore, it is a
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good first approximation to the full result (as we will discuss later on) especially at high
energies.
In the isospin limit the Ws and the Z form an exact triplet of the SU(2)L symmetry,
so the total isospin value of a gauge boson is 1. In a system of two vector bosons, like
the one we are dealing with in VBS, the isospin values of each of them add up following
the usual angular momentum sum rules. This means that the possible isospin quantum
numbers of the diboson system can only be 0, 1 or 2.
For this reason we can construct three amplitudes of fixed isospin from the combina-
tions of the different VBS processes we have been studying in the previous paragraphs.
In this sense, defining
Aabcd = A(VaVb → VcVd) , (79)
with a, b, c and d denoting the concrete vector boson we are referring to, and by virtue
of the crossing symmetry, we can construct a generic VV→ VV amplitude of the total
isospin-coupled process as
Aabcd(pa, pb, pc, pd) = δabδcdA(s, t, u) + δacδbdA(t, s, u) + δadδbcA(u, t, s) , (80)
where pi, i = a, b, c, d are the momenta of the corresponding EW gauge bosons.
We now introduce a more intuitive notation, which allows to relate the amplitudes
labeled by the s, t and u variables with the amplitudes of each of the processes that
contribute to the scattering we are looking at. These relations are the following, in
which, for instance, A+−00 corresponds to A(W+W− → ZZ):
A+−00 = A(s, t, u) , (81)
A+−+− = A(s, t, u) + A(t, s, u) , (82)
A++++ = A(t, s, u) + A(u, t, s) , (83)
and with them it is easy to build the amplitudes with a fixed value of the isospin quantum
number, given by:
A0 = 3A+−00 + A++++ = 3A(s, t, u) + A(t, s, u) + A(u, t, s) , (84)
A1 = 2A+−+− − 2A+−00 − A++++ = A(t, s, u)− A(u, t, s) , (85)
A2 = A++++ = A(t, s, u) + A(u, t, s) . (86)
Here, the subindices 0, 1 and 2 denote isospin quantum number associated to each
amplitude.
The partial waves corresponding to these isospin amplitudes can be computed using
Eq. (64), substituting the scattering amplitude A by its corresponding AI:
aI Jλ1λ2λ3λ4(s) =
1
32piK
∫ 1
−1
d(cos θ) dJλ,λ′(θ) A
I
λ1λ2λ3λ4
(s, θ) . (87)
They represent the coefficients of the expansion of the scattering amplitude of fixed
isospin I in the base of the angular momentum J. The condition of the violation of
unitarity remains the same as before, i.e., unitarity is no longer preserved when the
modulus of the corresponding I Jth partial wave becomes one.
With these considerations in mind we can study the partial wave behaviour of the
fixed isospin channels that encode the characteristics of the varios VBS processes studied
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Figure 13: Predictions of the modulus of the a00 (upper panels) and a11 (lower panels) partial waves as a
function of the center of mass energy for the isospin-coupled process VLVL → VLVL. Computations have
been performed in the EChL for different values of the chiral coefficients a4 (left) and a5 (right), shown in
different colours, and for different values of the am1 ≡ a− 1 parameter, depicted in the shadowed areas.
The unitarity bound is shown as a dashed line.
in the previous subsections. We have chosen to analyze in this first simple exercise the
two lowest partial waves in terms of angular momentum J, since they are expected to
be the most sensitive ones to this issue. Furthermore, we will simplify our study by
considering only the purely longitudinally polarized scattering, from which the violation
of unitarity arises, mainly.
We have selected three values of a4 and a5 as before: 0.01, 0.001 and 0.0001, switch-
ing on each of them at a time, and we have also varied the parameter am1 = a− 11 that
controls the BSM coupling between the Higgs boson and two EW gauge bosons. The
values for this parameter have been set to -0.1, 0 and 0.1. The results are displayed in
Fig. 13, where the modulus of the partial wave amplitudes corresponding to I J = 00
(upper panels) and I J = 11 (lower panels) are shown as a function of the center of mass
energy. The violation of unitarity limit is represented with a dashed line so it is easier to
check the point at which the unitarity bound is crossed.
Unitarity violation is manifest in the ECLh for the given values of the parameters, all
of them different from those in the SM, whose predictions just saturate to a constant
value below the unitarity violation bound. It is clear as well that the bigger the values of
the chiral coefficients a4 and a5, the lower the energies at which these violations occur.
1 This definition simplifies the comparison with the SM predictions since by setting a = 1 and therefore
am1 = 0 the SM is recovered. Along this Thesis we will use the different notations: am1 = ∆a = a− 1.
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However, the behaviour with a is different, as the higher and positive (a− 1) becomes,
the later is unitarity violated. Another interesting conclusion extracted from these plots
is that in the scalar channel, I J = 00, the unitarity bound is trespassed at lower energies
than in the vector channel, I J = 11, for the same values of the chiral parameters.
The values of the energies for which the unitarity condition does not longer hold for
each set of parameters correspond to a limit of validity of the effective theory. As we
have seen, they strongly depend on the choice of the coefficients and on the particular
I J channel that we are considering. For instance, if we choose to look at the I J = 11
channel, for values of a4 (with a5 = 0) of 0.01, the violation of unitarity happens at
energies around 2.5 TeV, whereas if we take a4 = 0.001 it happens much later, between
4.1 and 4.5 TeV depending on the values of a. In the latter case, the EFT breakdown
would take place when the energy reaches 4piv ∼ 3 TeV, i.e., prior to the violation of
unitarity.
However, when any I J partial wave crosses the unitarity limit for a given set of
values of the chiral coefficients, the EFT description cannot be trusted anymore. In this
sense, from Fig. 13, it is easy to gain some intuition regarding the relation between the
unitarity violation scale and the overall values of a4 and a5 (and, more mildly, of am1).
For values of the chiral parameters restricted to |a4,5| < 10−4 and |a− 1| < 10−1 unitarity
is respected for energies below 3 TeV, so we will reach the intrinsic energy scale of the
EFT before the violation of unitarity takes place. Nevertheless, for larger values of a4 and
a5, the picture changes. If one chooses a4, a5 ∼ 10−3, the partial wave moduli trespass
the unitarity limit between 1.8 and 2.7 TeV. For values of a4, a5 ∼ 10−2, it happens even
at lower energies; between 1 and 1.3 TeV.
This can be seen even more clearly in terms of total cross sections instead of ana-
lyzing the partial wave behaviour. Selecting a particular VBS process, like, for instance,
the W+Z → W+Z one, we can see the impact of each of the chiral parameters in the
violation of unitarity at the cross section level.
To this aim we present in Fig. 14 the total cross section of W+Z →W+Z scattering
in the EChL at the tree level for different representative values of one parameter at a
time, setting the rest of them to their SM values. In this case we have not considered
the isospin limit but the full result. We show these cross sections as a function of the
center of mass energy of the process and we mark the unitarity-violating predictions
with dashed lines. The value of the energy at which each cross section overcomes the
unitarity limit is chosen as the lowest one at which any of the corresponding J and/or
helicity partial wave crosses the unitarity bound.
In this figure it can be clearly seen that in this scattering process the parameters
∆a = am1 = a− 1, a1 and a2 (upper left, upper right and middle left panels respectively)
do not play a relevant role in the violation of unitarity, since there is no unitarity violation
driven from these coefficients in the energy range that has been explored. Notice that
the b parameter, which controls the interaction between two EW gauge bosons and two
Higgs bosons, does not appear in this scattering at tree level.
When the parameter a3 is considered (middle right panel), however, cross sections
show a unitarity violating behaviour in this same energy range. This happens only for
large values of a3, of the order of 10−1, for which unitarity is violated at around 2 TeV.
Nevertheless, this size of 10−1 is already at the border of being in conflict with the EW
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Figure 14: Predictions of the total cross section of the process W+Z → W+Z as a function of the center
of mass energy computed in the EChL framework for different values of one of the chiral parameters at a
time. The rest are set to their SM value for a simpler comparison. From top to bottom and left to right
∆a = am1 = a− 1, a1, a2, a3, a4 and a5 are varied, respectively. Solid lines represent a unitary prediction
whereas dashed lines denote unitarity violating values.
precision data, so no unitarity violation driven from a3 is expected below 3 TeV in this
channel.
Moreover, it is clear that a4 and a5 are the most relevant parameters regarding the
issue of the violation of unitarity, as we expected. If one takes a look at the two lower
panels of Fig. 14 it is manifest that for values of these two parameters between 10−1
and 10−3, the violation of unitarity occurs well bellow 3 TeV. Actually, the crossing of the
unitarity limit occurs, approximately, at the same corresponding energy values shown in
Fig. 13, where the isospin limit was considered.
Unitarity violation in VBS observables supposes a serious problem in the framework
of the EChL, as we have seen. Non-unitary predictions cannot be contrasted consistently
against experimental data since they do not respect the premise of probability conserva-
tion. For this reason, a prescription to cure this problem is needed. We leave the exhaus-
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tive analysis of various ways of solving the unitarity problem and their consequences
to Chapters 4, 5 and 6, characterizing here only the main features of the violation of
unitarity in VBS processes.
To summarize, in this section, it has been stated how the EChL predictions affect
the various VBS observables at the subprocesses level. Depending on the values of the
chiral parameters, especially of a4 and a5, significant deviations appear in the VBS cross
sections within the EChL with respect to those obtained in the SM. Furthermore, the
violation of unitarity can take place at energies below 3 TeV for experimentally allowed
values of the chiral couplings.
Nevertheless, in order to really understand the implication of the EChL new inter-
actions, a subprocess level analysis is not enough. Since our main tool to study the
scattering of vector bosons is the LHC, where they are produced and then re-scattered, a
comprehensive exploration of VBS configurations at the LHC is on demand. We devote
the next section of this Thesis to this interesting study.
2.2 VECTOR BOSON SCATTERING AT THE LHC
In the previous Chapters we have stated our hypothesis that vector boson scattering
observables should be the most sensitive ones to new physics in the EWSB sector. Besides,
the TeV scale is motivated in the EChL, the effective theory we use to parameterize these
new physics contributions. For these reasons VBS at the LHC is without a doubt one
of the most fundamental parts of this Thesis, so its correct characterization is of great
importance.
This section is aimed to introduce the basic notions of the VBS configurations at
the LHC, paying special attention to their kinematical features. After all, these will
be the ones that will allow us to disentangle the VBS topologies from the undesired
backgrounds that also populate the LHC events. To this aim, we will employ the SM
predictions since they should be enough to illustrate the main VBS features. Besides,
they will be our main irreducible background, so it is important to have good control of
them. Further on, in the forthcoming Chapters, the EChL predictions for VBS observables
at the LHC will be studied in depth for each particular case, so we will show here just a
preliminar example of how BSM physics can be distinguished from the SM in the context
of VBS observables. For a more extensive review on VBS physics at the LHC see [104–
107].
VBS processes take place at the LHC as depicted, generically, in Fig. 15. From the
constituent quarks of the initial protons two EW gauge bosons are radiated. These vector
bosons re-scatter leading to a final state containing two EW gauge bosons and two jets.
The characteristics of the two final-state jets will be the key to select the VBS topologies
from the multiple types of events that occur at the LHC.
Although the various channels of VBS processes are interesting, we will mainly focus
our attention on the W+Z channel, i.e., W+Z →W+Z at the subprocess level. We have
chosen this specific channel because of three main reasons: the first one is that when
performing the LHC study, this channel, pp → W+Zjj, will suffer from less severe back-
grounds than, for instance, the pp → W+W− jj one, as we will discuss in subsequent
parts of this Thesis. In particular, the background process coming from gluon gluon
one-loop contributions is absent in the WZ case. The second one concerns the results
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Figure 15: Generic diagram of a vector boson scattering process at the LHC: pp → VVjj, more concretely
q1q2 → VVq3q4. The green circle represents all the possible interactions among the four vector bosons. For
instance, it shall contain the contributions depicted in Figs. 3-5.
provided in Chapters 5 and 6, where an analysis of the production at the LHC of vec-
tor resonances dynamically generated from the EChL strong interactions is performed.
In order to do so, the WZ channel is a very promising window, as, due to its quan-
tum numbers, it will have a s-channel contribution from the charged vector resonances,
such as the ones we aim to study. Furthermore, it will not have any other contribution
from other resonances, like for instance a scalar one. The third reason is that positively
charged channels benefit from larger rates than negatively charged ones, in general. The
probability of radiating a W+ from a proton is higher than that of radiating a W− and
the latter is also slightly higher than that of radiating a Z. Thus, taking into account the
subprocess cross sections, the pp → W+W+ jj channel will be the one with the largest
LHC cross section, whereas the pp → ZZjj will be the one with the smallest LHC cross
section.
In this section we will, therefore, revisit the main properties of the pp → W+Zjj
process at the LHC as an example to illustrate the generic features of the VBS topologies.
We will introduce its specific kinematical properties with the aim of recognizing this type
of events from the ones that will conform the backgrounds, commenting on the different
polarization channels of the EW gauge bosons involved. Finally, we will devote the last
part of this section to briefly review the current experimental status of VBS searches at
the Large Hadron Collider.
2.2.1 KINEMATICS OF VECTOR BOSON SCATTERING PROCESSES
Apart from the fact that, theoretically speaking, VBS observables should be the most
relevant ones to look for BSM physics in the EWSB sector, these configurations have an-
other important advantage. Their kinematical properties result to be very characteristic,
especially those of the two final jets.
Due to the radiation of the EW gauge bosons, the final-state jets result to be very
forward/backward. They lie typically in two opposite-sign pseudorapidity cones of η
values between 2 and 5, as shown in Fig. 16. In contrast, the produced vector bosons
tend to populate the central region of the detector, i.e., small values of the pseudorapid-
ity. Furthermore, the invariant mass of the two extra jets is usually larger than in other
processes. This means that the behaviour of the differential cross section as a function
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Figure 16: Charateristic kinematical configuration of the final state particles of a VBS process pp→ VVjj at
the LHC. The Figure represents the longitudinal section of the detector.
of the invariant mass of the dijet system does not show a steep behaviour, but a rather
flat one.
These two features, the presence of the two final jets in determined cones of opposite-
sign pseudorapidities and the fact that their invariant mass tends to be large, define the
most characteristic kinematics of the VBS topologies, since no other subprocess shares
these same exact properties.
In Fig. 17 these peculiarities can be seen in terms of the cross section distributions of
the EW production, i.e., O(α2) at the amplitude level, of the pp→W+Zjj process. Other
production modes, such as the ones involving QCD interactions, of the order of O(αsα)
will be treated as backgrounds, so we will not discuss them in this subsection. We will
comment on them in posterior parts of this Thesis. In the left panel of this Figure, the
distribution of 10000 Monte Carlo events generated with MadGraph5 (MG5) [234, 235]
is shown as a function of the difference in pseudorapidity of the two final jets, defined
as
∆ηjj ≡ |ηj1 − ηj2 | . (88)
Since these particles are expected to be in opposite sides of the detector, very localized
in the two mentioned pseudorapidity cones, the distribution should peak at large differ-
ences of pseudorapidity, which it does indeed (see left panel in Fig. 17). There is a peak
at low ∆ηjj values, corresponding to the central part of the detector, that comes mostly
from the non-VBS diagrams that contribute to this process. These have to be taken into
account in the computation since the VBS contributions alone are not gauge invariant by
themselves. However, as we say, a second, larger peak appears at ∆ηjj ∼ [2.5, 5], where
the bulk of the events lie, meaning that a large amount of the total cross section come
from the VBS topologies.
In the right panel of Fig. 17 the distribution of the same MG5 events is presented,
this time as a function of the invariant mass of the final two jets, Mjj. The enhancement
of the cross section in the second bin corresponds to the W and Z resonances, i.e., to the
contributing diagrams in which the two extra jets come from the decay of one of these
gauge bosons. Apart from that, it is clear that the cross section falls very mildly with this
variable, making it a useful discriminant to select this kind of topologies.
In all the plots presented in this Section, the center of mass energy of the proton-
proton system has been set to
√
s = 14 TeV and a set of minimal cuts
|ηj1,j2 | < 5 , |ηW,Z| < 2 , pTj,W,Z > 20 GeV , (89)
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Figure 17: SM distributions of pp→ W+Zjj events with the pseudorapidity separation of the two jets, ∆ηjj
(left) and with the invariant mass of the jj pair, Mjj (right). Basic kinematical cuts, |ηj1,j2 | < 5 , |ηW,Z| <
2 , pTj,W,Z > 20 GeV, have been imposed.
has been imposed to the final state particles to ensure their detection.
The particular selection cuts that will allow us to disentangle the VBS processes from
the undesired backgrounds would inevitably depend on the kinematics of the latter. For
this reason, when studying the concrete scenarios of the following Chapters the VBS
selection cuts will be discussed again for each concrete case, since different searches
will be performed in different decay channels of the final EW gauge bosons.
The characteristics of the final jets are very important from the point of view of
discriminating between the VBS contributions to an observable and the rest. However,
the BSM signals will be related to the EW gauge boson subsystem. In the previous section
the most clear deviations with respect to the SM were seen, mainly, in the behaviour of
the cross sections with the center os mass energy. At the LHC, this points out towards
the invariant mass of the final diboson system as the proper variable to look for these
deviations.
Furthermore, the study of different polarizations of the final gauge bosons (and, thus,
of the initial ones due to the approximate polarization conservation shown in the previ-
ous section) would suppose an amazing strategy to get an insight of the EW Goldstone
boson dynamics at the LHC. Unfortunately, it is still very challenging to measure experi-
mentally the polarization of the vector bosons, but theoretical developments have been
carried out in this regard, see, for instance [198, 236]. Besides, measurements of EW
gauge boson polarization fractions have been also achieved at the LHC [237], albeit not
in VBS configurations. This latter are, however, expected in the near future of the LHC.
Having this in mind, we present in Fig. 18 the cross section distributions of 10000
pp → W+Zjj events simulated with MG5 as a function of the invariant mass of the WZ
system, MWZ for different polarizations of the final2 EW gauge bosons. A minimal set
of cuts that select mainly events which have two opposite-sided large pseudorapidity
jets together with two gauge bosons, W and Z within the acceptance of the detector,
corresponding to
|ηj1,j2 | < 5 , ηj1 · ηj2 < 0 , |ηW,Z| < 2 , (90)
2 The polarizations of the intermediate weak bosons are summed over in MadGraph since the intermediate
states are generally considered off shell in this event generator.
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Figure 18: SM distributions of pp → W+Zjj events with the invariant mass of the WZ pair, MWZ. The
predictions for the various polarizations σAB of the final WAZB pair as well as the total unpolarized re-
sult, σUnpol, are displayed separately, for comparison. The following kinematical cuts have been imposed:
|ηj1,j2 | < 5 , ηj1 · ηj2 < 0 and |ηW,Z| < 2.
has been imposed in this Figure.
One can observe that the fact that the transverse modes largely dominate in the total
cross section is still true in the case in which we have protons in the initial state. Also,
although it is a very mild effect, the slope of the tails in the distributions with MWZ is
different for each polarization, being slightly steeper when having two transversely po-
larized final gauge bosons. Regarding the falling, we can understand its behaviour due
to the fact that the total cross section for the VBS contribution to pp → W+Zjj, can be
approximately estimated as the one of the subprocess convoluted with the probability
functions of the W+ and the Z, that, in a similar way as the Parton Distribution Func-
tions (PDFs), give the probability of radiating a weak boson from a proton at a certain
momentum fraction. Thus, since even the unpolarized, total cross section does not show
a very steep behaviour with energy, the distribution with MWZ in VBS configurations
is expected to be flatter than in other processes, due to its inheritance from the VBS
subprocesses properties.
It is interesting to comment as well on the two distributions in the transverse momen-
tum of the jets, pjT (also denoted by pTj in this Thesis), shown in Fig. 19 for the different
polarization states of the W and the Z. The left panel shows the Monte Carlo event distri-
bution of the W+Z process as a function of the leading jet, pj+T , defined as the one with
larger modulus of the transverse momentum, whereas the right panel corresponds to the
distribution in the subleading jet, pj−T , the one with less pT. It is then understandable
that the distributions with respect to pj+T peak at a higher value than those with respect
to pj−T . The same cuts given in Eq. (90) have been applied and the center of mass energy
has been again fixed to
√
s = 14 TeV.
From Fig. 19 it is plain that the various polarization channels behave differently.
The longitudinal distributions tend to peak at lower pT values than the transverse ones,
whose dominance remains clear. This can be understood by the fact that longitudinally
polarized vector bosons tend to be emitted at a smaller angle with respect to the quark
that has radiated them, and hence at smaller transverse momentum with respect to the
proton beam, than the transversely polarized ones. As a consequence, the final quark
(and thus the final jet) accompanying a longitudinal gauge boson is more forward than
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Figure 19: SM distributions of pp → W+Zjj events with the transverse momentum of the most energetic
jet, pj+T (left panel) and with the transverse momentum of the least energetic jet p
j−
T (right panel). The
predictions for the various polarizations σAB of the final WAZB pair as well as the total unpolarized re-
sult, σUnpol, are displayed separately, for comparison. The following kinematical cuts have been imposed:
|ηj1,j2 | < 5 , ηj1 · ηj2 < 0 and |ηW,Z| < 2.
the one accompanying a transverse W or Z. This translates into different pjT distributions.
Whereas the ones coming from events with transverse gauge bosons tend to peak closer
to the EW boson mass, the ones with longitudinally polarized W or Z peak normally
around half of the EW boson mass.
These features are very interesting regarding future prospects of polarization studies.
As we have argued, being able to disentangle the polarization of the gauge bosons in
the final state will be enormously helpful to discriminate signal versus background in
these scenarios and to access more directly the interactions among Goldstone bosons.
Indeed, a more detailed study of the relevant kinematical variables to perform this kind
of discrimination deserves some future development, although there are already some
analysis in this direction, as it has already been pointed out. However, as sophisticated
techniques to distinguish the polarizations of the final W and Z are not yet well estab-
lished, we are not going to use a polarization analysis as a discriminant in this Thesis.
With this comment about the issue of measuring the different polarizations of the
EW we finalise the charaterization of the VBS processes at the LHC. Nevertheless we
have explored only the SM predictions to get some intuition about the properties of the
VBS topologies. To conclude this section, we find pertinent to include an example of a
BSM scenario in this context, although specific EChL signals will be presented through
more devoted studies in the forthcoming Chapters.
We have chosen the previously introduced Higgsless model to be this example. Al-
though this model is currently ruled out by experiments it is illustrative to control its
prediction for the VV scattering, as it will be somehow an extreme reference model
among the possible strongly interacting scenarios for EWSB.
Using MG5, we have computed the cross section per bin of the process pp→ W+Zjj
as a function of the invariant mass of the WZ pair for the different polarization states of
the weak gauge bosons within the Higgsless model and within the SM, for comparison.
The results are displayed in Fig. 20. It is very interesting to notice that, indeed, the
greater modifications with respect to the SM appear in the longitudinal modes, as ex-
pected. Moreover, they emerge in the total cross section as well, despite the dominance
of the transverse modes that do not suffer any significant modification.
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Figure 20: Predictions of the cross section per bin of the process pp→W+Zjj from the Higgsless model, i.e.,
the EChL with a = b = 0, ai = 0, and for the SM. They are computed for the unpolarized (upper left), lon-
gitudinally polarized (upper right), longitudinally and transversely polarized (lower left) and transversely
polarized (lower right) final gauge bosons as a function of the invariant mass of the WZ pair, MWZ. Kine-
matical cuts have been implemented: |ηj1,j2 | < 5 , ηj1 · ηj2 < 0 and |ηW,Z| < 2 . The center of mass energy
is set to 14 TeV. Binsize of 40 GeV.
This means that, at high energies, deviations with respect to the SM predictions
introduced by the EChL operators might be seen at the LHC in VBS observables, even
if the polarizations of the final gauge bosons cannot be precisely determined. This is
indeed a very motivating result that will be exploited throughout posterior parts of this
Thesis.
Some last comments have to be made at this point, in order to conclude a complete
review of VBS at the LHC. The first one concerns the size of the VBS cross sections within
the SM. They are in general smaller than those of other (even EW mediated) processes
taking place as well at the LHC like Drell-Yan configurations or single top production.
This is due to the large number of powers of the weak coupling g involved in the VBS
diagrams. The total production cross section of two vector bosons and two jets amounts
to, roughly, 0.1-1 pb.
Nevertheless, since the W and Z are unstable particles they are detected through
their decay products. Their decays suppose another source of suppression related, again,
to insertions of the weak coupling g. For instance, in the purely leptonic case, which is
the cleanest final state in a hadronic collider, an extra factor of BR(W→ `ν)× BR(Z→
``) ∼ 0.03 has to be added to the rates shown in the present section. In the purely
hadronic case, on the contrary, the rates are larger, since the cross sections diminish only
a factor BR(W → hadrons)× BR(Z → hadrons) ∼ 0.5, but the final jets coming from
the EW gauge boson decays are more difficult to select from the unwanted backgrounds.
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This trade between both search strategies depending on the decays of the Ws and Zs, as
well as the semileptonic channel, will be discussed in the next subsection.
The second comment is that of next to leading order corrections to VBS processes,
both from QCD and from EW interactions. These higher order contributions are of great
importance in precision physics, since small theoretical uncertainties are needed to ex-
tract accurate information when comparing the data with the corresponding predictions.
Recent works have obtained the NLO corrections [238], both QCD and EW, of some
VBS processes, relying, particularly, in the purely leptonic scenario. They have found
that in the most extreme case, and for some kinematical regions, these contributions can
amount to as much as 30% of the total LO cross section in the SM. The NNLO cross sec-
tion of diboson production processes (not particularizing, however, in VBS topologies)
has been also calculated. In any case, these computations result to be a difficult task, due
to the six fermion final state of these processes. Because of this, a factorization process
is often employed.
It is well known that VBS can be simulated with good accuracy by assuming that the
initial gauge bosons are radiated collinearly from the proton-proton system to posteriorly
re-scatter on-shell. This is known as the effective W approximation (EWA), developed
for the first time in [239, 240], that translates the Weiszäcker-Williams [241, 242] ap-
proximation for photons to the case os massive EW gauge bosons. This framework has
two important advantages: the first one is that it has the intuitive physical interpretation
of the distribution functions of the W and the Z as the PDFs in the parton model, and the
second one is that it is computationally simple and, as we will see in forthcoming parts
of this Thesis, leads to very good results.
The EWA provides probability functions, fW,Z(x), for the W and the Z that describe
the probability of the EW gauge boson to be radiated collinearly from a fermion carrying
a fraction x of its total momentum. In order to get the total cross section at the LHC for
the full process that starts with protons, these functions, taking quarks as the mentioned
fermions, are then convoluted with the PDFs of the quarks and with the corresponding
subprocess cross section for the scattering of on-shell EW gauge bosons. Thus, the total
process pp→ VVjj→ f1 f2 f3 f4 jj can be computed in three steps: first, the initial protons
radiate the two initial gauge bosons on-shell, then, these re-scatter, and, finally, using the
narrow width approximation, they decay. Factorizing the process in such a way allows
for easier computations that contain the main features of the VBS observables. This
procedure will be studied in Chapter 4, as well as the accuracy of its predictions when
compared with the full result from MG5.
With the revision of the main relevant features of VBS at the LHC we finalise this
subsection. The next one is aimed to complement the information presented here by
reviewing the experimental status of VBS searches at the LHC.
2.2.2 EXPERIMENTAL SEARCHES ON VECTOR BOSON SCATTERING OBSERVABLES
Measuring accurately the properties of VBS observables is one of the main tasks of the
ATLAS and CMS experiments at the LHC. Since the cross sections of these processes are
somewhat small compared to others, of the order of a few femtobarns once the gauge
bosons have decayed, high energies are required to access this kind of physics. Thus,
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Channel
√
s [TeV] Lum. [fb−1] Obs. (exp.) significance [σ]
ATLAS CMS ATLAS CMS ATLAS CMS
W±W± 8 8 20.3 19.4 3.6 (2.3)[199, 245] 2.0 (3.1)[246]
W±W± 13 13 36.1 35.9 6.5 (4.6)[247] 5.5 (5.7)[248]
ZZ 13 13 139 35.9 5.5 (4.3)[249] 2.7 (1.6)[250]
WZ 8 8 20.2 19.4 aQGC lim.[251] Unreported[246]
WZ 13 - 36.1 - 5.3 (3.2)[252] -
WV 8 - 20.2 - aQGC lim.[195] -
VV 13 - 35.5 - 2.7 (2.5)[194] -
Table 2: Summary of the experimental measurements (observed and expected statistical significances in
terms of standard deviations, σ) of various VBS processes involving Ws and Zs decaying to different final
state particles. VV represent the combined study of WW, WZ and ZZ. In most cases, the leptonic decays
for both gauge bosons are considered. Specification of each search can be found in the corresponding
references. The center of mass energy and luminosities employed in each ATLAS and CMS search are
shown as well. In some studies the significances are provided directly. Others present their results in term
of anomalous quartic gauge couplings (aQGC) only.
the LHC is the ideal place to look for deviations in VBS observables coming from BSM
physics in the EWSB.
Other kinds of colliders, such as leptonic e+e− ones, can also be useful to test the EW
gauge boson self-interactions. This was, for instance, the case of LEP, that could access
this kind of physics through precision observables [197, 198]. Future linear colliders
such as CLIC [243] or the ILC [244] might as well contribute to the determination of the
precise VBS characteristics. They have the advantage of being very clean environments,
but the center of mass energies they can reach are much smaller than those at which
the LHC is currently running. Because of this, and since we will aim to probe directly
the VBS observables in the high diboson invariant mass region, where the new physics is
expected to emerge clearer, we will focus this subsection on the LHC searches for VBS.
As we have said, measuring VBS event rates is quite challenging due to their small
associated cross sections. Currently, only three of the VBS channels have been observed
with a statistical significance of more than 5σ. These measurements were performed in
pp → W+W+ jj → `+`+EmissT jj, pp → W+Zjj → `+`+`−EmissT jj and pp → ZZjj →
(`+`−`+`−)jj+ (`+`−EmissT )jj events, for a center of mass energy of
√
s = 13 TeV and
with 36.1 fb−1, 36.1 fb−1 and 139 fb−1 of accumulated data by the ATLAS experiment,
respectively. Other VBS channels have also been observed in different decay modes
of the EW gauge bosons, although with smaller statistical significances. A summary of
these measurements for both CMS and ATLAS and for their corresponding center of mass
energies and luminosities is presented in Table 2.
The CMS and ATLAS searches on VBS in the various available channels allow to con-
straint the parameter space of EFTs (being these parameters often dubbed anomalous
quartic gauge coupling (aQGC)), since, so, far, no significant deviation from the SM pre-
diction has been observed. The concrete values of the different limits have already been
presented in the previous section and will be discussed in posterior parts of this Thesis,
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so we will not include them here for brevity. The two experiments, ATLAS and CMS,
perform different studies that can lead to different interpretations of the experimental
data from the EFT point of view. Apart from the fact that some analyses rely on the
linear EFT and others in the non-linear one, the main difference concerns the treatment
of the unitarity violation issue.
Usually, when the non-linear formalism is adopted, the K-matrix method explained in
the previous Chapter implemented following [108], is used to compare the data against
a unitarized EChL prediction. Nonetheless, when the linear EFT is used, different ap-
proaches are used by CMS and ATLAS. In general, ATLAS employs a Form Factor tech-
nique that suppressed by hand the pathological high energy behaviour of the EFT cross
sections. CMS, on the contrary, often provides a validity bound: the energy (or invariant
mass of the diboson system) at which the observed limits would violate unitarity. In
some cases no unitarization method is considered.
These differences introduce an unavoidable degeneracy in the information about the
EFT parameters extracted from the experimental LHC results. A first approach to the
quantification of this uncertainty arising in the determination of the chiral coefficients
due to the different unitarity restoration treatments is presented in Chapter 4, so we will
exhaustively review this issue in forthcoming sections.
Even if there exist some disparities between both experiments, the ATLAS and CMS
searches share a quite similar set of the VBS selection criteria. In general the VBS topol-
ogy is well established and, despite the differences between channels and decay products
which lead obviously to different selection and identification requirements, and the fact
that the different experiments have different geometrical acceptances and efficiencies,
there is a common set of cuts that allow to tag the extra jets and to select the VBS
topologies quite efficiently. These are usually defined by
mjj > 500 GeV , |∆ηjj| > 2.5 , (91)
as it can be seen in Fig. 21. There, the mjj and |∆ηjj| (equivalent to |∆yjj| in the AT-
LAS case) distributions of the VBS processes pp → W±W± jj and pp → WZjj obtained
by ATLAS (upper panels) and CMS (lower panels), respectively, are shown. The main
backgrounds to these observables are included as well in different colours. From these
Figures it is clear that the bulk of the VBS events lie at large invariant masses of the final
dijet system and at large angular separations of the two jets. In fact, especially in the
ATLAS plots, it is plain that the VBS cuts given in Eq. (91) select the phase space region
in which the VBS topologies are maximal with respect to the other processes. With these
cuts imposed invariant mass distributions3 can be presented and compared to different
EFT scenarios, such as the one given in Fig. 22 as an example.
Remarkable progress is being made in the VBS characterization at the LHC but there
are still some challenges to overcome in order to fully explore this kind of observables.
The most important of these challenges is that of the correct evaluation of the back-
grounds, especially the ones arising from QCD events. Depending on the VBS channel
one considers different backgrounds will pollute the signal. For instance, the charged
scenarios, and, especially, the doubly charged channel pp→W±W± jj suffer from less se-
vere backgrounds than the neutral ones. The proper characterization of the backgrounds
3 In this case, due to the presence of neutrinos in the final state, the so-called transverse invariant mass is
used as discriminant. For more information on this variable see [253] and [245].
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Figure 21: Distributions of pp → W±W± jj and pp → WZjj observed and expected events in the two
principal VBS variables: mjj (left panels) and |∆ηjj| (equivalent to |∆yjj| in the ATLAS case, right panels).
Upper panels correspond to ATLAS studies whereas lower panels correspond to CMS studies. The main
backgrounds to these observables are included as well in different colours. Luminosity and center of mass
energies are indicated in the figures. In both cases, the purely leptonic decay channel is considered. Plots
borrowed from [245] and [254].
is, therefore, a key ingredient to be able to access all the diverse VBS channels at the
LHC experiments.
The reduction of the statistical and theoretical uncertainties is another challenge of
the VBS searches. Due to the small VBS cross sections, high luminosity is needed to
perform accurate observations. Besides, precise NLO computations, PDF interpretations
and scale determinations are needed from the theoretical point of view to interpret
the data correctly. Furthermore, the exploration of different decay modes of the final
gauge bosons is also very important to extract as much information as possible from the
experimental data.
The various final states related to VBS processes present different advantages and
disadvantages. The purely leptonic case is rather clean, since electron and muons can be
identified and reconstructed with good precision both in ATLAS and CMS. Besides, the
backgrounds associated to these final states are, in general, small. However, due to the
modest branching fractions of the gauge bosons to leptons, these channels have small
event rates and high luminosities are required to observed them. Moreover, the usual
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Figure 22: Distribution of pp → W±W± jj observed and expected events in the transverse invariant mass
of the two Ws (for a precise definition of this variable see [253] and [245]) provided by ATLAS. The
prediction of the (non-unitarized) EChL for a4 ≡ α4 = 0.1 and a5 ≡ α5 = 0 is shown for comparison. The
main backgrounds to these observable are included as well in different colours. Luminosity and center of
mass energies are indicated in the figure. The purely leptonic decay channel is considered. Plot borrowed
from [245].
presence of neutrinos, (not) detected as missing energy, complicates the reconstruction
of the intermediate EW gauge bosons properties.
On the other hand, the purely hadronic final state benefits from larger cross sections
compared to the leptonic one. Furthermore, the scenarios in which the decay products
of the gauge bosons are identified as single, large radius jets, usually called fat jets, are
very appealing since higher energy regions of the VBS phase space can be probed. How-
ever the backgrounds associated to this state are quite difficult to overcome. Especially
those coming from QCD multijet events, from tt¯ decays and for W+jets processes re-
ally complicate the task of selecting VBS configurations from the rest. In this sense, the
semileptonic decay modes of the EW gauge bosons are often used since they represent
the intermediate point between the leptonic and the hadronic cases.
Concerning the most recent results on VBS measurements, a good summary can be
found in Table 2. For the complete results of other channels involving photons see [107]
and references therein. These studies provide the experimental data in different formats:
some of them report the observed cross section measurements of determined processes
directly whereas others implement in their analyses the determination of EFT constraints
already.
An example of the former studies can be seen in Fig. 23, where the cross section
measurements of the joint WW/WZ/ZZ processes are given por different final state con-
figurations (with 2, 1 or 0 leptons). The combined prediction is presented as well. There,
one can see that the various measurements are not definitely compatible with the SM
prediction when considering the error bars, and that their central values differ from the
expected SM cross section. However, the combined result matches quite well the SM
prediction. This points towards the fact that a deeper analysis and more data taking of
this kind of processes are needed.
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Figure 23: Measurements of the signal-strength µ = σ/σSM corresponding to pp→(WW/WZ/ZZ)jj events
for the 0, 1 and 2 lepton channels and their combination. The center of mass energy, luminosity and
interpretation of the error bars are explicitly given in the plot. Figure borrowed from [194].
The latter type of analyses, i.e., those that provide their results directly as bounds on
EFT parameters, will be of great relevance for this Thesis. The most recent works in this
direction correspond to references [193, 194, 254]. Precisely because of the mentioned
differences between the experimental treatment of EFT predictions (and particularly of
the issue of unitarity violation) those constraints have to be interpreted carefully. In
Chapter 4 we will discuss this interpretation exhaustively, so we leave the presentation
of these results for these forthcoming sections.
It is important to make a comment as well about another type of search strategies
that will also be a fundamental part of this Thesis: the resonant VBS searches. We will
not get into much detail in this section since the last two Chapters will be completely
devoted to the characterization of these resonances and more information will be given,
therefore, later on.
Both ATLAS and CMS perform analyses dedicated to observe the appearance of reso-
nances motivated by different theoretical frameworks. Since no positive observation of
such states has been done so far they impose constraints on the masses and couplings
to the SM particles of these new states. However, most of these searches are carried out
assuming that the new heavy degrees of freedom are produced via Drell-Yan, although
they might decay posteriorly into a pair of vector bosons. Thus, if the resonance is very
weakly coupled to fermions and manifests only in VBS interactions these bounds are
overestimated. There are some works that consider the VBS production channel in the
resonant scenario as well [255], but the invariant masses they can reach are, in general,
smaller.
Now that we have briefly reviewed the experimental status of VBS searches, it is
pertinent to comment on some of the future prospects of such measurements. The first
thing that comes to mind in this sense is that of the separation of the different gauge
boson polarizations. A lot of efforts and improvements are being made both theoretically
and experimentally in this direction, and it is likely that in the near future the accurate
distinction between polarization modes will be achieved.
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Proposals such as looking for specific angular distributions of the decay products of
W and Z bosons or new kinematical variables sensitive to the initial vector boson polar-
ization [198] are the most promising avenues to this purpose. In the experimental side,
the use of these distributions has led to the determination of polarization fractions of W
and Z bosons [237], albeit not in VBS configurations. Being able to distinguish among
polarizations, especially in VBS observables, will be the key to really access possible new
physics in the EWSB sector.
Another important improvement being currently developed concerns the reconstruc-
tion techniques of final state jets. As we commented before, the case in which the decay
products of a gauge boson are identified as a single, large radius jet allows to probe
the very boosted regime of VBS processes. Nonetheless, the correct reconstruction and
characterization of these fat jets supposes a difficult task and its current efficiency is
not very high. In the near future this efficiency is expected to rise significantly so that
boosted topologies of the vector boson scattering could be accessed through fat jet mea-
surements. Machine learning techniques such as boost decision trees will be very useful
in this sense and also to disentangle signal and background events.
Nevertheless, the most direct future prospect one expects is the increase of the ex-
perimental luminosity that will allow to obtain statistically accurate measurements of all
the VBS channels in their different decay modes. The High Luminosity LHC (HL-LHC)
will thus be the stage at which VBS is expected to be deeply understood, and, luckily, so
will be the true nature of EWSB.
In summary, in the two previous Chapters we have revisited the theoretical bases
of EWSB as well as the effective theory description of new physics explaining its yet
unknown dynamical generation. We have discussed the properties of the electroweak
chiral Lagrangian, which will be our main tool in the forthcoming Chapters, and of
vector boson scattering observables in this framework, especially in the context of the
LHC experiment. This means that our map is ready and that we shall go get the treasure!
3 PROBING THE HIGGS SELF-COUPLING IN
DOUBLE HIGGS PRODUCTION THROUGH
VECTOR BOSON SCATTERING AT THE LHC
As a first example of the power of VBS observables to access new physics in the EWSB
sector at the LHC, we will study in this Chapter the feasibility of probing the Higgs
self coupling in VBS double Higgs production. As we have said in previous parts of
this Thesis, the observation of the Higgs boson by the ATLAS and CMS experiments
[38, 39] in 2012 confirmed the prediction of the last particle of the Standard Model
(SM) of fundamental interactions. But, although this discovery allowed us to answer
many important and well established questions about elementary particle physics, it
also posed a lot of new mysteries concerning the scalar sector of the SM.
One of these mysteries is that of the true value of the Higgs self-coupling λ, involved
in trilinear and quartic Higgs self-interactions appearing in the Higgs potential (Eq. (4)),
as well as its relation to other parameters of the SM. Particularly, understanding and test-
ing experimentally the relation between λ and the Higgs boson mass, mH, will provide
an excellent insight into the real nature of the Higgs particle. This relation, given in the
SM at the tree level by m2H = 2v
2λ, with v = 246 GeV, arises from the BEH mechanism,
as we have seen, so to really test this theoretical framework one needs to measure λ inde-
pendently of the Higgs mass. Unfortunately, the value of the Higgs self-coupling has not
been established yet with precision at colliders, but there is (and will be in the future) a
very intense experimental program focused on the realization of this measurement (for
a review, see for instance [144, 243, 244, 256, 257]).
The Higgs trilinear coupling can be probed in double Higgs production processes at
the LHC, process that have been extensively studied both theoretically in [119–147, 258–
266], and experimentally in [267–273]. At hadron colliders, these processes can take
place through a variety of production channels, being gluon-gluon fusion (GGF) and
vector boson scattering, also called vector boson fusion (VBF) in the literature, the main
ones regarding the sensitivity to the Higgs self-coupling. Focusing on the LHC case,
on which we will base our study in this Chapter, the dominant contribution to double
Higgs production comes from GGF. It associated production rate for
√
s = 14 TeV is
about a factor 17 larger than that of VBS [131]. Because of this, most of the works
present nowadays in the literature focus on this particular HH production channel, GGF,
to study the sensitivity to λ. In fact, all these works and the best present combined
measurement at the LHC have made possible to constraint this parameter in the range
λ ∈ [−5.0, 12.0] · λSM at the 95% CL [273].
Although GGF benefits from the highest statistics and rates, it suffers the inconve-
niences of having large uncertainties, being a one loop process initiated by gluons, and
being dependent of the top Yukawa coupling. Double Higgs production via VBS [125,
128, 131, 132, 135, 137, 142, 144, 257] is, in contrast, a tree level process not initiated
by gluons and it is independent of top physics features, leading therefore to smaller un-
certainties. Also, at a fundamental level, since VBS processes involving longitudinally
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polarized gauge bosons, like the process VLVL → HH that we are interested in, probe
genuinely the self interactions of the scalar sector of the SM, it results interesting to
study this kind of scenarios. This would happen specially at high energies, such as those
available at the LHC, since, in this regime, each VL behaves as its corresponding would-
be-Goldstone boson. Therefore, testing VLVL → HH is closely related to testing wwHH
interactions. In this way, a new window, qualitatively different than GGF, would be
open with VBS to test λ, meaning that being able to measure these processes for the first
time will be a formidable test of the SM itself, and it could even lead to the discovery
of physics beyond the Standard Model (BSM). Moreover, the VBS production channel is
the second largest contribution to Higgs pair production, and the VBS topologies have
very characteristic kinematics, which allow us to select these processes very efficiently as
well as to reject undesired backgrounds, as we just introduced in the previous Chapter.
Thus, in summary, VBS double Higgs production might be very relevant to study the
sensitivity to the Higgs self-coupling, despite the fact that it is considerably smaller in
size than GGF, since it could lead to a cleaner experimental signal. Besides, it will be a
complementary measurement to that of GGF and will, in any case, help to improve the
determination of the λ coupling with better precision.
In this Chapter, motivated by the previously commented advantages, we will analyze
in full detail Higgs pair production via VBS at the LHC to probe the Higgs self-coupling.
To this end, we will first explore and characterize the subprocesses of our interest, VV
→ HH with V=W,Z, both for the SM with λ = λSM and for BSM scenarios with λ =
κ λSM. We will consider values of κ between 10 and -10. For this study, we fix mH
to its experimental value, mH = 125.18± 0.16 GeV [159], and set the Higgs vacuum
expectation value (vev) to v = 246 GeV. In this way, studying the sensitivity to λ in VBS
will provide the desired independent test of this coupling.
Once we have deeply studied double Higgs production at the subprocess level, we
will then explore the LHC scenario. First we will analyze the process pp→ HHjj, to fully
understand the properties of this scattering, and then we will study and give quantitative
results for the sensitivity to the Higgs self-coupling after the Higgs decays. The produc-
tion of HHjj events at the LHC, including VBS and GGF, has been studied previously in
[130, 138], where they focus on bb¯ττ¯ jj final states. Our main study is performed, in con-
trast, in the four bottoms and two jets final state, pp→ bb¯bb¯jj, since it benefits from the
highest rates. We also make predictions for the interesting pp → bb¯γγjj process which,
although with lower rates, leads to cleaner signatures. We would like to point out that
all computations and simulations are performed at the parton level with no hadroniza-
tion or detector response simulation taken into account, since the work is aimed to be
a first and simple approximation to the sensitivity to λ in VBS processes at the LHC. A
discussion on the implication of these additional considerations will be performed at the
end of this Chapter.
3.1 DOUBLE HIGGS PRODUCTION IN VECTOR BOSON SCATTER-
ING
As already stated in the paragraphs above, we are interested in exploring the sensitivity
to the Higgs self-coupling, λ, through VBS processes, in particular at the LHC. For that
purpose, we have to study and characterize first the subprocess that leads to the specific
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Figure 24: Tree level diagrams that contribute to double Higgs production in vector boson scattering in the
Unitary gauge. The cyan circle represents the presence of the Higgs self-coupling in the interaction vertex.
signal we will be dealing with once we perform the full collider analysis. This subprocess
will be, in our case, the production of two Higgs bosons in the final state from the
scattering of two EW gauge bosons, VV → HH, with V=W,Z1. Within this context, in
this section we aim to understand the role of the Higgs trilinear coupling in the SM and
beyond, as well as the generic characteristics of the scattering processes W+W− → HH
and ZZ→ HH.
The Higgs self-coupling is only present, at the tree level and in the Unitary gauge,
in the s−channel diagram of the studied processes, so the sensitivity to λ will only
depend on this particular configuration. However, a contact diagram, a t−channel dia-
gram and a u−channel diagram have to be taken into account too as shown in Fig. 24,
in which we display all the possible tree level contributions to the mentioned scatter-
ing processes in the Unitary gauge. Each of these diagrams has its own energy depen-
dence and its own relative size, so they participate differently in the total amplitude
A
(
V1(p1, ε1)V2(p2, ε2) → H1(k1)H2(k2)
)
. This can be seen in Eqs. (92)-(95), where we
show the amplitude of each diagram of the process W+W− → HH, Ad, with d = s, c, t, u
from s, contact, t and u channels respectively, computed consistently in the Unitary
gauge:
As(W+W− → HH) = 3g2v2 λs−m2H
(ε1 · ε2) , (92)
Ac(W+W− → HH) = g
2
2
(ε1 · ε2) , (93)
At(W+W− → HH) = g
2
t−m2W
(m2W(ε1 · ε2) + (ε1 · k1)(ε2 · k2)) , (94)
Au(W+W− → HH) = g
2
u−m2W
(m2W(ε1 · ε2) + (ε1 · k2)(ε2 · k1)) . (95)
Here, g is the EW coupling constant, mW is the mass of the W boson, and s, t and u are
the usual Mandelstam variables. The amplitudes for the ZZ → HH case are identical
except for a global factor 1/c2w (with cw = cos θw and with θw being the weak angle)
and the substitution of m2W by m
2
Z in the t and u channel expressions.
On the other hand, the contribution of each polarization state of the initial EW gauge
bosons behaves differently, not only energetically, but also in what concerns to the sen-
sitivity to λ. There are only two polarization channels that do depend on λ: the purely
longitudinal, VLVL, and the purely transverse in which both vector bosons have the same
polarization, VT+VT+ and VT−VT− . All the other channels have vanishing s-channel con-
1 Notice that this signal was not introduced in Chapter 2 due to the presence of Higgs bosons in the external
legs that makes it a non-standard VBS channel. It will be, however, exhaustively review in this section.
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Figure 25: Predictions of the cross sections of W+W− → HH (left panel) and ZZ → HH (right panel) as a
function of the center of mass energy
√
s for three different values of λ and for different polarizations of the
initial gauge bosons: VLVL (upper dot-dashed lines), VTVT (middle dashed lines) and VLVT +VTVL (lower
dotted lines). The unpolarized cross section is also included (solid lines). Each polarized cross section
contributes with a factor 1/9 to the unpolarized (averaged) cross section.
tributions and will not actively participate, therefore, in the study of the Higgs trilinear
coupling, although all polarization states contribute to the total cross section. Moreover,
this total cross section is dominated, especially at high energies, by the purely longitudi-
nal VLVL configuration, and so is each diagram contribution. All these features can be
seen in Fig. 25, where we display the predictions for the cross sections of W+W− → HH
and ZZ → HH as a function of the center of mass energy for three different values of
λ separated by polarizations of the gauge bosons, including, also, the unpolarized cross
section. In this figure two things are manifest: the first one is that the VLVT configura-
tion is indeed independent of λ. The second one is that the total cross section is clearly
strongly dominated by the purely longitudinal contribution at all energies. This is a very
interesting result, since it means that, if this process was measured, we would be being
sensitive to the purely longitudinal configurations of the gauge bosons, and therefore to
the heart of the self-interactions of the SM scalar sector.
The VLVL dominance can be understood through the inspection of the energy depen-
dence of the longitudinal polarization vectors, εV , at high energies. They are all propor-
tional, for
√
s  mV , to a power of the energy over the mass, EV/mV . This leads to a
behavior of the amplitudes, presented in Eqs.(93)-(95), for the contact, t and u channels
respectively, proportional to s, and to a constant behavior with energy of the s-channel
amplitude given in Eq.(92). Including the extra 1/s suppression factor to compute the
cross section from the squared amplitude, one obtains the energy dependence seen in
Fig. 26, where we present the contribution of each diagram to the total cross sections of
W+W− → HH and ZZ → HH in the SM, as well as the sum of the contact, t-channel
and u-channel diagrams, (c+ t+ u), and the total cross section taking all diagrams into
account. In this figure, we see clearly that the sum of the contact, t and u channels tends
at high energies to a constant value. This happens because in the SM there is a cancel-
lation among the linear terms in s corresponding to these three channels, similarly as in
the case presented in Fig. 2. In contrast, the s-channel contribution decreases as 1/s and
is subleading numerically in the SM with respect to the other (c+ t+ u) contributions.
It is only at low energies, near the production threshold of two Higgs bosons, where the
s-channel contribution is numerically comparable to the other channels. In fact, a mild
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Figure 26: Contribution to the total cross section of W+W− → HH (left panel), and of ZZ → HH (right
panel) in the SM, i.e., λ = λSM, of each diagram displayed in Fig. 24 as a function of the center of mass
energy
√
s. The sum of the contributions of the contact, t-channel and u-channel diagrams as well as the
sum of all diagrams that contribute are also presented.
cancellation occurs between this s-channel and the rest (c + u + t). Therefore, the s-
channel and in consequence λ, do not effectively participate in the constant behavior at
high energies of the total cross section in the SM. At this point, it is worth recalling once
again that these constant behaviors of the cross sections with energy are characteristic
of VBS processes at high energies.
When going beyond the SM by taking λ 6= λSM, the previously described depen-
dence with energy and the delicate cancellations commented above among the various
contributing diagrams may change drastically. In fact, varying the size of the Higgs trilin-
ear coupling could modify the relative importance of the contributing diagrams and, in
particular, it could allow for the s-channel contribution to be very relevant or even dom-
inate the scattering. This could happen not only at low energies close to the threshold
of HH production, but also at larger energies, where the pattern of cancellations among
diagrams could be strongly modified. This may lead to a different high energy behavior,
and, hence, to a different experimental signature. The crucial point is that such a large
deviation in λ with respect to the SM value is still experimentally possible, as the present
bounds on the trilinear coupling are not yet very tight. The best bounds at present set
κ = λ/λSM ∈ [−5.0, 12.0] [273], so values of order 10 times the SM coupling are still
allowed by LHC data. Then, if in the future the LHC could improve this sensitivity to
lower values of λ it would be a formidable test of the presence of new physics beyond
the SM. We will show next that this sensitivity can be indeed reached in the future by
means of VBS.
It is important to understand in more detail at this point the implications of setting
λ to a different value than λSM in the kinematical properties of the VBS processes we
are studying here. For this purpose, we present in Fig. 27 the total cross section of the
process W+W− → HH as a function of the center of mass energy√s and the differential
cross section with respect to the pseudorapidity ηH of one of the final Higgs bosons (no-
tice that the distribution with respect to the pseudorapidity of the other Higgs particle
is the same) for different values of positive, vanishing and negative λ. We assume here
a phenomenological approach when setting λ 6= λSM , meaning that it is not our aim
to understand the theoretical implications of such a result like potential instabilities for
negative values of λ, etc. We understand that the deviations in this coupling would come
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Figure 27: Predictions for the total cross section of the process W+W− → HH, as a function of the center
of mass energy
√
s (left panel) and as a function of the pesudorapidity of one of the final H at a fixed center
of mass energy of
√
s = 1500 GeV (right panel) for different values of the Higgs self-coupling λ. Solid
(dashed) lines correspond to positive (negative) values of λ.
together with other BSM Lagrangian terms that would make the whole framework con-
sistent. For instance, such BSM values for the Higgs self-coupling can be accommodated
in the EChL description. Since in this context the Higgs boson is a singlet of the chiral
symmetry, as we have seen, a term of the form (H/v)3 Tr
[
DµU†DµU
]
(among others)
can be included in the Lagrangian presented in Eq. (46), accounting for BSM deviations
in the Higgs trilinear coupling.
Back to the results in Fig. 27 it can be seen that, first and most evidently, the total
cross section changes in magnitude and in energy dependence with respect to the SM
one, as already announced. This happens especially near the HH production threshold,
confirming that the sensitivity to deviations in λ with respect to the SM value is larger in
this region. For the case of positive λ the total BSM cross section can be larger or lower
than that in the SM, depending on the size of the deviations in λ with respect to λSM,
since in this case there is a destructive interference between the s channel contribution
and the rest (c + t + u). In contrast, for the case of negative λ values, the sum of
diagrams is always constructive and one obtains bigger cross sections than the SM one
independently of the absolute value of the coupling. The details of these features will
be extended when commenting the next figure. As a final comment, it is important
to mention that he results for ZZ → HH (not shown) are very similar to those of
W+W− → HH.
Regarding the angular dependence of the differential cross section, or, correspond-
ingly, the distribution respect to ηH also shown in Fig. 27, we see clearly that it also
changes in the BSM scenarios respect to the SM one. We particularly learn from this
figure that for central values of the Higgs pseudorapidity, concretely for |ηH | < 2.5, it
is much easier to distinguish between different values of λ. Therefore, this suggests the
kind of optimal cuts in this variable ηH (or the equivalent one in terms of the final par-
ticles from the Higgs decays) we should be imposing to enhance the sensitivity to the
signal when moving to the realistic case of the pp collisions at the LHC.
In Fig. 28 we display our predictions for the total cross section of the two relevant
VBS processes as a function of κ for four different values of fixed center of mass energy√
s = 260, 500, 1000, 3000 GeV. We also display the parabolic fits that allow us to de-
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scribe each of the curves to have a more analytical insight into the details of how the
above commented cancellations among diagrams do actually occur. The formulas of the
fits in this figure manifest that, in general, the cross section has a quadratic, a constant
and a linear term in κ, coming, respectively, from the s-channel contribution, from the
(c+ t+ u) contribution and from the interference between them. The sign of the inter-
ference is negative for positive values of κ and positive for negative values of κ. This
destructive interference for λ > 0 produces that the minima of these lines are placed
at λ > λSM. Besides, depending on the energy and on the size of κ, the behavior of
the cross section will be dominantly constant, linear or quadratic in λ, and therefore the
sensitivity to λ will vary accordingly.
Near the production threshold, i.e., at energies around 250 GeV, two issues can be
seen. The first one is that, as we already saw in Fig. 27, the differences in the cross
section when we vary λ are maximal, and so will be the sensitivity to differences in
this coupling. The second one is that, at these low energies, the SM, corresponding to
κ = 1, suffers, as already said, a mild cancellation between the linear and the constant
terms, and therefore the sensitivity to λ will be mainly quadratic. We can also see that
the minima of the parabolas soften (in the sense that the variations in the cross section
when we vary λ become smaller) and that their position moves from λ/λSM close to
2 to larger values as the energy is increased. Because of this, the bigger the energy,
the bigger the value of λ that maximizes the cancellations. Thus, as a first conclusion
at this point, we will have to keep in mind, once we perform the full collider analysis,
that the sensitivity to different values of the trilinear coupling and the issue of delicate
cancellations among diagrams in VBS are clearly correlated and this will affect the final
results at the LHC.
A final comment has to be made in this section, and it is that of a potential unitarity
violation problem for large |λ| values in the processes of our interest here, VV → HH.
To check this unitarity issue, we have evaluated the partial waves aJ of the dominant
polarization channels for this scattering, which, as we have said, are the longitudinal
ones, i.e., VLVL → HH. These aJ of fixed angular momentum J are evaluated following
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Figure 28: Prediction for the total cross section of the VBS process W+W− → HH (left panel) and of
ZZ → HH (right panel) as a function of the ratio of a generic λ value over the SM value for four different
center of mass energies:
√
s = 260, 500, 1000 and 3000 GeV.
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Eq. (64)2. By doing this exercise, we find that all the partial waves |aJ | that we have
computed are below 0.1 for values of λ between -10 and 10 times the SM value at all
energies. So, for the present study, we are safe from unitarity violation problems.
For completeness, we have also made a fast estimate of the value of λ that would
be required to violate unitarity in this process. For large values of |λ|, the dominant
contribution to the total amplitude comes from the s-channel. This contribution, as we
mentioned before, behaves, at high energies and for the purely longitudinal case, as a
constant. In particular, one obtains that As(VLVL → HH) ∼ 6λ for
√
s  mH. With
this amplitude, one can compute the value of λ for which the biggest partial wave (in
this case we have checked that it is the one corresponding to J = 0) becomes one. We
obtain λunit ∼ 17. Notice that this upper limit of λ is above the perturbativity limit given
naively by λpert ∼
√
16pi ∼ 7.
With all these features in mind, we can move on from the subprocess level to the full
process at the LHC to study the sensitivity of this collider to the Higgs self coupling in
VBS processes.
3.2 SENSITIVITY TO THE HIGGS SELF-COUPLING AT THE LHC
Once we have characterized completely the scattering VV → HH, it is time to explore
the full process at the LHC to quantify how sensitive this machine could be to the Higgs
trilinear coupling in VBS processes. This is precisely the aim of this section, in which
we first promote the previous analysis at the subprocess level to that of its LHC signal,
pp → HHjj, so that we can fully understand its behaviour and properties, and then we
give more quantitative and realistic results for the sensitivity to λ once the Higgs bosons
have decayed. Specifically, we will focus first on the dominant Higgs decays to bottoms,
leading to the process pp → bb¯bb¯jj . This process benefits from having more statistics
due to the large branching ratios involved, and, because of this, it is presumably the one
that will lead to the best sensitivities. We will also present results on other channels,
concretely for pp → bb¯γγjj, where one of the two Higgs bosons has decayed into two
photons, that, despite its smaller number of events, might also provide interesting results
since it suffers from less severe backgrounds.
For all computations and results of the signal events we use MadGraph5 [234], set-
ting the factorization scale to Q2 = m2Z and using the set of PDF’s NNPDF2.3 [274]. We
have found that changing the chosen value of Q2 does not lead to relevant changes in
the signal rates. Concerning the backgrounds, all of them are simulated with the same
settings and PDF’s as the signal, using MadGraph5 as well. For the case of the multijet
QCD background in the pp → bb¯bb¯jj channel, due to its complexity, we have simulated
events using both MadGraph5 with the previous mentioned settings and PDF’s, and Alp-
Gen [275], this time choosing Q2 = (p2Tb + p
2
Tb¯
+∑ p2Tj)/6 and selecting the set of PDF’s
CTEQ5L [276]. We have found agreement between the results of these two Monte Car-
los in the total normalization of the cross section with the basic cuts and in the shape
of the relevant distributions within the provided errors. All results are presented for a
center of mass energy of
√
s = 14 TeV.
2 Notice that in this case only two polarizations intervene, i.e., those of the initial gauge bosons, since the
final Higgs particles are scalars.
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Figure 29: Schematic representation of partonic double Higgs production though VBS at the LHC. The
green blob represents the presence of the Higgs self-coupling λ in the process, although all diagrams in
Fig.(24) are considered.
3.2.1 STUDY AND CHARACTERIZATION OF pp→ HHjj SIGNAL EVENTS
In order to be able to estimate the sensitivity to the Higgs self-coupling in VBS at the
LHC, we need to understand how the results of the previous section translate into the full
process when we start with protons as initial particles. This full process, pp → HHjj,
can be produced via many different channels, and not only in VBS configurations. In
fact, it is well known that this VBS subset of diagrams contributing to q1q2 → q3q4HH is
not gauge invariant by itself and all kinds of contributing diagrams have to be included
to get a gauge invariant result. This is indeed what we are doing here, since when we
use MadGraph to compute the signal all kinds of diagrams are included.
The crucial point regarding the phenomenological interest of VBS, that indeed moti-
vates this work, is that the specific VBS configuration can be very efficiently selected
by choosing the appropriate kinematic regions of the two extra jets variables, as it
has already been discussed in the previous Chapter, as well as in the recent literature
[3, 104, 147, 277]. We recall here that the VBS topologies are characterized by large sep-
arations in pseudorapidity of the jets, |∆ηjj| = |ηj1 − ηj2 |, and by large invariant masses
of the dijet system, Mjj. Imposing proper cuts over these two variables makes possible
to obtain events that come dominantly from VBS processes and, as we will see later on,
also to reject many background events.
The VBS processes involved in pp → HHjj can be seen schematicaly in Fig. 29,
where the green blob represents all diagrams in Fig. 24, including the presence of the
s-channel with the generic Higgs trilinear coupling λ. This kind of processes will inherit
the properties of the sub-scatterings we have studied, but will also have differences with
respect to them due to the fact that we now have protons in the initial state. Then,
it is important to know at this stage how close to the “pure” VBS configuration our
pp → HHjj signal is. To this end, we have generated with MadGraph5 pp → HHjj
signal events for this process for different values of λ with a set of basic cuts that allow
for the detection of the final particles, given by:
pTj > 20 GeV , |ηj| < 5 , ∆Rjj > 0.4 , |ηH | < 2.5 , (96)
where pTj is the transverse momentum of the jets, ηj,H is the pseudorapidity of the jets
or of the Higgs bosons, and ∆Rjj is the angular separation between two jets defined as
∆Rjj =
√
∆η2jj + ∆φ
2
jj, with ∆ηjj and ∆φjj being the angular separation in the longitudi-
nal and transverse planes, respectively.
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Figure 30: Predictions for the total cross section of the process pp → HHjj as a function of the absolute
value of the difference between pseudorapidities of the two jets |∆ηjj| (upper panels) and as a function of
the invariant mass of the two jets Mjj (lower panels) for different values of the Higgs self-coupling λ. We
display positive (left panels) and negative (right panels) values of λ for comparison. We also include the
case λ = 0. Cuts in Eq.(96) have been applied and the center of mass energy has been set to
√
s = 14 TeV.
In Fig. 30 we present the predictions for the cross section of the process pp→ HHjj
for different values of λ as a function of the separation in pseudorapidity of the final jets
|∆ηjj| and as a function of the invariant mass of these two jets Mjj. In these plots we
can see that our signal is indeed dominated by the VBS configuration, since a very large
fraction of the events populates the kinematic regions that correspond to VBS topologies.
To have a quantitative estimation, we can take, for instance, the VBS selection cuts
proposed in [3] and impose them to the events shown in Fig. 30. Thus, by imposing
these cuts:
VBS CUTS : |∆ηjj| > 4 , Mjj > 500 GeV , (97)
we obtain that between 50% and 75% (depending on the value of λ, since the larger the
value of the Higgs self-coupling the larger this percentage) of the events are accepted
within them, which means that the VBS topologies amount3, at least, to half of the total
cross section of pp → HHjj. This is indeed a very interesting result, since, as we will
see in the forthcoming section, the VBS cuts allow us to reduce some backgrounds even
in two orders of magnitude. The fact that the signal is practically left unaffected by
these cuts is an excellent outcome as the signal to background ratio will favor a better
sensitivity to λ.
3 In the sense of the fraction of events that pass the VBS cuts with respect to the total number of events.
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Figure 31: Predictions for the total cross section of the process pp → HHjj as a function of the invariant
mass of the di-Higgs system MHH for different values of the Higgs self-coupling λ. We display positive
(left panel) and negative (right panel) values of λ for comparison. We also include the case λ = 0. Cuts
in Eq.(96) and VBS selection cuts presented in Eq.(97) have been applied. The center of mass energy has
been set to
√
s = 14 TeV.
Furthermore, knowing that the process of our interest at the LHC has a dominant
VBS configuration, we would expect the translation from the subprocess results to the
complete ones at this level to be straightforward. This appears to be the case, as shown
in Fig. 31, where we display the predictions for the total cross section of the process
pp→ HHjj as a function of the invariant mass of the diHiggs system, MHH, for different
values of the Higgs self-coupling after imposing the cuts given in Eqs. (96) and (97). In
these plots, it is manifest that the curves follow the same tendency as the subprocess
when we vary λ. Near the HH production threshold the difference in the cross sections
for different values of the coupling is more pronounced, and one can see again that the
cancellations play a role in the same way we learnt at the subprocess level. The SM
cross section (κ = 1, in red) lies between the κ = 0 (in green) one, which is bigger, and
the κ = 2 (in light blue) one, which is smaller. Again, for negative values of κ the cross
section is always larger than the SM one, so we will have, for the same absolute value
of the coupling, better sensitivities for negative λ values.
The issue of the cancellations that take place between the λ-dependent diagram and
the rest is shown in more detail in Fig. 32. In this figure, we present the predictions
for the total cross section for pp → HHjj, and for the ratio of the total cross section
over its SM value as a function of the Higgs self-coupling. We also compare the results
with and without imposing the VBS cuts given in Eq.(97) to explore how the cancellation
happens at the LHC, and how it depends on the selection of the VBS topologies. We learn
again, that, for the same absolute value of λ, negative values give rise to larger cross
sections, and therefore to better sensitivities. The smallest cross section corresponds
roughly to κ ∼ 1.6, which is the value that will be harder to reach at the LHC. One
may notice that this value does not coincide exactly with that in Fig. 28, even for the
dominant contribution close to the threshold. This slight displacement of the minimum
is due to the fact that many different topologies in addition to those of VBS contribute
to this final state, in contrast with the results in Fig. 28 that took into account only VBS
configurations. In fact, once we apply the VBS cuts the minimum gets closer to that
of Fig. 28. Besides, and interestingly, the effect of imposing the VBS selection cuts can
ameliorate the sensitivity to λ. Although the cross sections reduce in value after applying
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Figure 32: Predictions for the total cross section (left panel) and for the ratio of the total cross section over
its SM value (right panel) as a function of the Higgs self-coupling λ with and without imposing the VBS
selection cuts given in Eq.(97). Cuts in Eq.(96) have been applied and the center of mass energy has been
set to
√
s = 14 TeV.
the cuts, the ratio of the total cross section for a given trilinear coupling over the SM
cross section increases when we are away from the region in which the cancellations are
relevant, i.e., for κ > 3 and κ < 1.
The last issue we would like to point out in this section refers to the kinematical
behavior of the VBS subsystem, that is then translated to the kinematics of the final
Higgs bosons. Usually, in vector boson scattering processes at the LHC, most of the
energy of the initial pp state is transmitted to the radiated EW gauge bosons. This leads,
as a consequence, to a very boosted system of final HH pairs, which can be profitable
to select these kind of events against backgrounds. If the final Higgs particles are very
boosted, their decay products, will have, in general, small angular separations. This,
together with the fact that the invariant mass of the two particles that come from the
Higgs decay has to lie near the Higgs mass, will allow us to characterize very efficiently
the Higgs boson candidates as we will see in the next subsection. With this and the VBS
topologies under control, we can study the full processes in which the Higgs bosons have
decayed, and compute the sensitivities to λ in these realistic BSM scenarios.
3.2.2 ANALYSIS AFTER HIGGS BOSON DECAYS: SENSITIVITY TO λ IN pp→ bb¯bb¯jj
As previously mentioned, once we have fully characterized our most basic process, pp→
HHjj, we need to take into account the Higgs decays to perform a realistic analysis at
the LHC. The channel we are going to focus on is pp → bb¯bb¯jj, since the decay of
the Higgs boson to a bottom-antibottom pair benefits from the biggest branching ratio,
BR(H → bb¯) ∼ 60 %. Because of this, we will obtain the largest possible rates for
our signal, which will allow us to probe the broadest interval of deviations in the Higgs
self-coupling.
Although this process is really interesting because of its large statistics, it is important
to mention that it also suffers from having a severe background: the one coming from
pure multijet QCD events. This QCD background, of O(α6S) at the cross section level,
leads to the same final state as our signal, pp → bb¯bb¯jj, and, although in general they
have very different kinematics, its rates are so high that some of the events can mimic
the signal coming from the decay of two Higgs particles. For this reason, we need to be
S E N S I T I V I T Y T O T H E H I G G S S E L F - C O U P L I N G AT T H E L H C 91
Figure 33: Distribution of 10000 Monte Carlo events of multijet QCD background pp→ bb¯bb¯jj (left panel)
and signal pp → HHjj → bb¯bb¯jj (right panel) in the plane of the absolute value of the difference between
pseudorapidities of the two jets |∆ηjj| versus the invariant mass of the two jets Mjj. Cuts in Eq. (98) have
been implemented. The center of mass energy has been set to
√
s =14 TeV.
very efficient when applying selection cuts and criteria to be able to reject this particular
background.
We learnt in the previous sections that our signal is very dominated by the VBS config-
uration. Oppositely, the multijet QCD background is composed primarily by topologies
that do not share kinematical properties with VBS processes. This is the reason why we
will first select those QCD events that can be misidentified as signal events coming from
VBS, and take them as a starting point to perform our more refined study of the signal
and background.
To have a first insight on how efficient the VBS selection criteria are, we have gener-
ated with MadGraph5 ten thousand events for our signal, pp → HHjj → bb¯bb¯jj in the
SM, i.e., κ = 1, and for the multijet QCD background with a set of basic cuts that ensure
the detection of the final state particles:
pTj,b > 20 GeV ; |ηj| < 5 ; |ηb| < 2.5 ; ∆Rjj,jb > 0.4 ; ∆Rbb > 0.2 . (98)
where pTj,b is the transverse momentum of the jets and bottoms, ηj,b are the pseudora-
pidities of the jets or of the bottom particles, and ∆Rij is the angular separation between
the i and j particles.
In Fig. 33 we display the localization of these events in the |∆ηjj| − Mjj plane, the
two variables that better characterize the VBS processes. One can see, indeed, that the
QCD events populate mostly the region of small invariant masses of the dijet system and
of small differences in pseudorapidity of the jets, as opposed, precisely, to the signal
events. Thus, imposing the proper VBS cuts, like those in Eq. (97), should relevantly
reduce the QCD background leaving the signal nearly unaffected.
In Fig. 34 we aim precisely to see this effect, since we present the same set of events
as in Fig. 33 for the QCD background and for the signal highlighting in orange those
events that fulfill the VBS selection criteria given in Eq. (97) as an example. This time we
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Figure 34: Distribution of 10000 Monte Carlo events of multijet QCD background pp→ bb¯bb¯jj (left panel)
and signal pp → HHjj → bb¯bb¯jj (right panel) in the plane of the invariant mass of one bottom pair
identified as a Higgs candidate following the criteria presented in the text Mbb1 versus the invariant mass of
the other bottom pair identified as the other Higgs candidate Mbb2 . Orange dots correspond to those events
that pass the implemented VBS selection cuts given in Eq.(97). Cuts in Eq. (98) have been implemented.
The value of the acceptance A is also included. The red cross represents the value of the Higgs mass The
center of mass energy has been set to
√
s =14 TeV.
show the results in the Mbb1 −Mbb2 plane, where Mbb1,2 are the corresponding invariant
masses of the two bottom pairs that are the best candidates to come from the decay of a
Higgs boson, as we will see later.
The first thing one can observe in both plots of Fig. 34 is that very few QCD events
survive the imposition of the VBS cuts, whereas practically all events of the signal do.
The concrete fraction of the events (A) that survive in both cases is also presented in the
plots. We call AVBS the acceptance of the VBS cuts, defined as
AVBS ≡ σ(pp→ bb¯bb¯jj)|VBS
σ(pp→ bb¯bb¯jj) , (99)
i.e., the ratio between the cross section of the process after applying the VBS cuts like
those in Eq. (97) over the cross section of the process without having applied them. The
basic cuts are imposed in all cases. Taking a look at these numbers, we see that 60%
of the signal events pass these cuts while only 9% of the QCD events do. At this point,
one might wonder wether these results are very dependent on the specific VBS cuts we
impose or not. In Table 3 we show the predictions for the acceptances, AVBS, of different
sets of VBS selection cuts, i.e., different cuts in |∆ηjj| and in Mjj, for both the multijet
QCD background and the signal with κ = 1. From those predictions we can see that all
the sets of cuts considered lead to very similar results: around 60% of the signal fulfills
the VBS selection criteria whereas a 5-10% of the multijet QCD background does. We
have checked that for other values of κ the acceptance for the signal varies between a
55% and a 75%. From now on we will apply the VBS selection cuts given in Eq. (97),
since this set is well explored in the literature and qualitatively provides the same results
as the other sets of cuts that we have analyzed.
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Set of VBS cuts AQCDVBS ASignal;κ=1VBS
|∆ηjj| > 4, Mjj > 500 GeV 0.086 0.631
|∆ηjj| > 4, Mjj > 600 GeV 0.066 0.597
|∆ηjj| > 4, Mjj > 700 GeV 0.054 0.558
|∆ηjj| > 3, Mjj > 500 GeV 0.098 0.669
|∆ηjj| > 3, Mjj > 600 GeV 0.071 0.626
|∆ηjj| > 3, Mjj > 700 GeV 0.057 0.580
Table 3: Predictions for the acceptance of different sets of VBS cuts, including those in Eq. (97), for the
multijet QCD background and for the signal with κ = 1. Signal acceptances for the other values of κ
considered in the present work, κ ∈ [−10, 10], vary between 0.5 and 0.75.
The second issue that we can notice about Fig. 34 is that, again, the QCD events
populate a very different region of this plane than those of the signal. QCD events
tend to lie at low values of Mbbi , somehow away from the region close to the [Mbb1 =
mH, Mbb2 = mH ] point in the Mbb1 − Mbb2 plane, in which most of our signal settles.
Notice, however, that the illustration in Fig. 34 is ideal since the signal events populate
a region which is very close to the [Mbb1 = mH, Mbb2 = mH ] point. We will comment on
the effects of having a larger, more realistic dispersion of the signal points later on. In
any case, it is evident that two particles coming from the decay of a Higgs boson should
have a total invariant mass value near the Higgs boson mass, mH, as our signal does.
This motivates the next selection criteria we are going to apply, following the search
strategies of ATLAS [270] and CMS [268] for double Higgs production, that are aimed
to efficiently identify the HH candidates.
The HH candidate identification criteria are also based on what we have learned in
the previous sections. Logically, each H candidate corresponds to a b-quark pair, and
therefore we first need to define how we are going to pair the final b-quarks. From now
on, it is worth mentioning that we will not distinguish between bottom and anti-bottom,
similarly to what is done in experimental analyses. Therefore, with four bottom-like
particles in the final state we have three possible double pairings. Among these three
possibilities, we select the one in which the values of the invariant masses of the pairs
are closer, i.e., the one that minimizes |Mbb1 −Mbb2 |, where Mbb1 is the invariant mass
of one of the bb pairs and Mbb2 is the invariant mass of the other pair. Once we have
defined the b-quark pairing, we can profit from the fact that, as mentioned before, if two
b-quarks come from the decay of a boosted Higgs boson, as it happens in VBS processes,
the angular separation between them should be small. Thus, we should look for pairs
of b-quarks with small (and yet enough to resolve the particles) ∆Rbb. Furthermore,
we have already discussed that our signal is characterized by the fact that the invariant
mass of each b-quark pair should be around the Higgs mass, mH. Therefore, imposing
this criterion will ensure that we are maximizing the selection of events that come from
the decays of two Higgs bosons.
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With all these features in mind, and guided by the ATLAS search strategies [270], we
define the following set of cuts as the requirements to efficiently select the Higgs boson
pair candidates:
HH CANDIDATE CUTS :
pTb > 35 GeV , (100)
∆ˆRbb ≡

Mbb¯bb¯ < 1250 GeV
{
0.2 < ∆Rbbl < (653/Mbb¯bb¯) + 0.475 ,
0.2 < ∆Rbbs < (875/Mbb¯bb¯) + 0.35 ,
Mbb¯bb¯ > 1250 GeV
{
0.2 < ∆Rbbl < 1 ,
0.2 < ∆Rbbs < 1 ,
(101)
pˆTbb ≡ pTbbl > M4b/2− 103GeV ; pTbbs > M4b/3− 73GeV , (102)
χHH ≡
√(
Mbbl −mH
0.05mH
)2
+
(
Mbbs −mH
0.05mH
)2
< 1 , (103)
where the super-indices l and s denote, respectively, leading and subleading, defining
the leading b-quark pair as the one with largest scalar sum of pT. Mbb¯bb¯ designates the
invariant mass of the four final b-quarks. One might notice that the requirement of small
angular separation between the two b-quarks of a pair, and the fact that the invariant
mass of each b-quark pair has to lie near the mass of the Higgs, are encoded in the ∆ˆRbb
and in the χHH cuts, respectively. The latter is equivalent to impose that the events in
the Mbb1 −Mbb2 plane have to lie inside a circle of radius 0.05mH = 6.25 GeV centered
in the point [Mbb1 = mH, Mbb2 = mH ].
Nevertheless, although multijet QCD events represent the most severe background,
there are other processes that can fake our signal. One of them is the tt¯ background, with
the subsequent decays of the top quarks and W bosons, tt¯→ bW+b¯W− → bb¯bb¯jj. This is,
however, a very controlled background, since it is well suppressed by non-diagonal CKM
matrix elements and its kinematics are radically different than those of VBS. Starting
from a cross section of 5.4 · 10−5 pb with all the basic cuts in Eq. (98) applied, one ends
up in 1.7 · 10−7 pb after applying the HH candidate cuts, and in 2.0 · 10−10 pb after
applying the VBS cuts afterwards. Therefore, since this background is five orders of
magnitude smaller than the smallest of our signals, we will neglect it from now onwards.
Finally, we still have to deal with other potentially important backgrounds corresponding
to pp → HZjj → bb¯bb¯jj and pp → ZZjj → bb¯bb¯jj. These two HZ and ZZ production
processes, receiving contributions of order (α2 · α2S) and (α4) at the cross section level,
also drive to the same final state as our signal and may give rise to similar kinematics,
since they can also take place through VBS configurations. In fact, their rates are very
close to those of our signal after applying the VBS selection cuts, that reduce these
backgrounds less efficiently than the multijet QCD one. However, we can again take
advantage of the fact that the b-quark pairs have to come from a Higgs boson with a
well defined mass. Therefore the HH candidate cuts should allow us to reject these
backgrounds.
In Table 4 we present the cross sections of the multijet QCD background, of the
combined pp → HZjj → bb¯bb¯jj and pp → ZZjj → bb¯bb¯jj background and of the
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Cut σQCD [pb] σZHjj,ZZjj [pb] σSignal;κ=1 [pb]
Basic detection cuts in Eq. (98) 602.72 0.028 5.1·10−4
pTb > 35 GeV, Eq. (100) 98.31 0.01 3.0·10−4
∆ˆRbb, Eq. (??) 33.80 6.3 · 10−3 1.1·10−4
pˆTbb , Eq. (102) 29.77 5.8·10−3 9.0·10−5
χHH < 1, Eq. (103) 7.9 · 10−2 8.6·10−6 9.0·10−5
VBS cuts in Eq. (97) 6.8 · 10−3 5.5·10−6 4.1·10−5
Table 4: Predictions for the total cross section of the multijet QCD background, of the combined pp →
HZjj → bb¯bb¯jj and pp → ZZjj → bb¯bb¯jj background and of the signal with κ = 1 after imposing each of
the cuts given in Eq. (98) and in Eqs. (100)-(103) subsequently. We show as well the total cross section
after applying, afterwards, the VBS selection cuts in Eq. (97).
signal with κ = 1 after applying each of the cuts in Eqs.(100)-(103) subsequently. The
basic cuts had already been applied in all cases. This way, we see the reduction factor
after each cut, and the total cross section of both signal and background once we have
performed our complete HH candidate selection. We show as well the effect of applying
the VBS cuts given in Eq. (97) afterwards, since we have checked that both sets of cuts
(HH candidate cuts and VBS cuts) are practically independent. Thus, we have the total
cross sections of the two main backgrounds and of our SM signal after applying all the
selection criteria. In Table 5 we provide the total cross sections of the signal for all the
values of λ considered in this work, again after applying all the selection criteria, for
comparison.
From the results in Table 4 we can learn that the sum of the two backgrounds,
ZHjj+ZZjj, is under control after applying the HH candidate cuts, since its cross sec-
tion lies an order of magnitud below the SM signal. On the other hand, the multijet
QCD background remains being very relevant even after imposing all the selection cri-
teria. However, as we will see later, the total reduction that it suffers still allows to be
sensitive to interesting values of κ even for low luminosities. This reduction, along with
that suffered by the ZHjj+ZZjj backgrounds and with that suffered by the SM signal, is
presented in Table 6. There we show the acceptances of the VBS cuts and the HH can-
didate cuts separately and together for the multijet QCD background, for the combined
pp → HZjj → bb¯bb¯jj and pp → ZZjj → bb¯bb¯jj background and for the SM signal, for
comparison.
κ 0 1 −1 2 −2 5 −5 10 −10
σSignal · 104 [pb] 1.9 0.4 5.0 0.4 9.7 10.1 33.2 56.4 102.6
Table 5: Predictions for the total cross section of the signal pp → bb¯bb¯jj after imposing all the selection
criteria, VBS cuts given in in Eq. (97) and HH candidate cuts given in Eqs. (100)-(103) for all the values
of κ considered in this work: κ = 0,±1,±2,±5,±10. Basic cuts in Eq. (98) are also applied.
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Cut AQCD AZHjj,ZZjj ASignal;κ=1
VBS cuts in Eq. (97) 0.086 0.630 0.631
HH candidate cuts in Eqs. (100)-(103) 1.3·10−4 3.1·10−4 0.17
VBS cuts + HH candidate cuts 1.1·10−5 2.0·10−4 0.081
Table 6: Predictions for acceptances of the VBS cuts given in Eq. (97), of the HH candidate cuts given in
Eqs. (100)-(103), and of both sets of cuts combined for the multijet QCD background, for the combined
pp → HZjj → bb¯bb¯jj and pp → ZZjj → bb¯bb¯jj background and for the signal with κ = 1. All the results
are computed with the basic cuts in Eq. (98) already applied.
It must be noticed that other backgrounds apart from those having the same final
particle content as our signal can contribute relevantly. This would be the case if some
final state particles were misidentified, leading to a “fake” bb¯bb¯jj state. The most impor-
tant of these backgrounds is the production of a tt¯ pair decaying into two b quarks and
four light jets, tt¯ → bW+b¯W− → bb¯jjjj with two of these final light jets being misiden-
tified as two b jets. In order to estimate the contribution of this background, we have
generated with MadGraph5 tt¯ → bW+b¯W− → bb¯jjjj events applying first the minimal
cuts |pTj,b | > 20 GeV, |ηj,b| < 5 and ∆Rjj,bj,bb > 0.2, obtaining a total cross section of
246 pb. Applying a mistagging rate of 1% per each light jet misidentified as a b jet, we
obtain 246 · (0.01)2 = 2.5 · 10−2 pb as starting point to compare to our main multijet QCD
bb¯bb¯jj background. Now we need to apply our selection cuts described in Eqs. (97), and
(100)-(103) to see their impact on this particular background.
We apply first the VBS selection cuts demanding at least one pair of light jets fulfilling
the criteria in Eq. (97). These cuts reduces the cross section to 1.3 · 10−4 pb. Now ana-
lyzing the events that pass the VBS cuts, if there is only one pair of “VBS-like” light jets,
the other two light jets are identified as b quarks. If there is more than one, we select as
b quarks those that minimize |Mpp1 −Mpp2 |, with p = b, j among all possibilities. Once
we have characterized our two light jet candidates and our four b-quark candidates, we
proceed with the HH candidate selection cuts. This way, applying subsequently the cri-
teria explained in Eqs. (100)-(103), we obtain the following cross sections: 1.2 · 10−5 pb
(pTb), 2.5 · 10−6 pb
(
∆ˆRbb
)
, 4.4 · 10−7 pb ( pˆTbb) and finally 2.1 · 10−8 pb (χHH). There-
fore, since this tt¯ background is five orders of magnitude below our main considered
background, whose final cross section given in Table 4 is 6.8 · 10−3 pb, we conclude that
it can be safely neglected.
We have also considered the possible backgrounds coming from multijet QCD pro-
cesses leading to different final states than that of bb¯bb¯jj, such as 6j and bb¯jjjj, in which
some of the final state light jets are again misidentified as b jets. To estimate their contri-
bution to the background we have used the total cross sections of these processes given
in [275]. These are, for a center of mass energy of 14 TeV, 1.3 · 105 pb and 7.5 · 103
pb, respectively. If we apply now the corresponding misidentification rates we end up
with 1.3 · 105 · (0.01)4 = 1.3 · 10−3 pb for the case in which we have six light jets, and
7.5 · 103 · (0.01)2 = 7.5 · 10−1 pb for the case in which we have two b jets and four light
jets. We now assume that the selection cuts we specify in Eqs. (97) -(103) will have a
similar impact on these backgrounds as they do on the multijet QCD production of four
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Figure 35: Predictions for the total cross section of the process pp → bb¯bb¯jj as a function of the invariant
mass of the four-bottom system Mbb¯bb¯ for different values of the Higgs self-coupling λ. We display the
predictions for the signal with positive (left panel) and negative (right panel) values of λ for comparison,
as well as the total SM background given by the sum of ZHjj, ZZjj and the multijet QCD background. Cuts
in Eq.(96) and VBS selection cuts presented in Eq.(97) have been applied. The center of mass energy has
been set to
√
s = 14 TeV.
b jets and two light jets, since they all take place through similar QCD configurations.
Thus, applying the corresponding acceptance factor of these cuts we obtain the follow-
ing total cross sections: 1.3 · 10−3 · 1.1 · 10−5 = 1.4 · 10−8 pb for the six light jets case and
7.5 · 10−1 · 1.1 · 10−5 = 8.2 · 10−6 pb for the two b jets and four light jets case. Both of
these cross sections are more than three orders of magnitude below that of the bb¯bb¯jj
background, so we conclude that they can also be safely neglected without introducing
big uncertainties.
Once we have the possible backgrounds under control, we can move on to fully
explore the sensitivity to the Higgs self-coupling λ in pp → bb¯bb¯jj events. In Fig. 35
we display the predictions for the cross section of the total SM background (the sum of
multijet QCD background and the combined ZHjj+ZZjj backgrounds) and of the signal
for different values of λ as a function of the invariant mass of the four-bottom system
Mbb¯bb¯. These distributions should be the analogous to those in Fig. 31 after the Higgs
boson decays, as it is manifest since the signal curves follow the same tendency and are
very similar except for the global factor of the Higgs-to-bottoms branching ratio. In this
figure we can also see that the total SM background is of the same order of magnitude
than the κ = 10 and κ = −5 signals, and it is even below the κ = −10 signal prediction.
This is a very interesting result, since it means that if, for example, the true value of
λ was minus five times that of the SM, the LHC should be able to measure twice as
many events as those expected from the SM background only in this VBS configuration.
Similar conclusions can be extracted for other values of κ.
Given the encouraging previous results, our last step is to give quantitative predic-
tions for the sensitivity to λ in pp → bb¯bb¯jj processes at the LHC. To this end, we
compute the statistical significance Sstat, as defined in [278] by:
Sstat =
√
−2
(
(NS + NB) log
(
NB
NS + NB
)
+ NS
)
, (104)
where NS and NB are the number of events of signal and background, respectively. No-
tice that for NS/NB  1, this definition of Sstat tends to the usual NS/
√
NB expression.
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Figure 36: Prediction of the statistical significance, Sstat, of the process pp→ bb¯bb¯jj for the four luminosities
considered L = 50, 300, 1000, 3000 fb−1 (left panel) and of the value of the luminosity that will be required
to probe a given κ at the LHC at 3σ and at 5σ (right panel), as a function of the value of κ. The marked
points represent our evaluations. In the left panel, a zoom is performed on the interesting values of κ
ranging between 0.5 and 2.5. The shadowed areas in the right panel correspond to the regions where the
number of predicted signal events NS is below 1, 10 and 100. The center of mass energy has been set to√
s = 14 TeV.
This computation is going to be performed for four different values of the luminosity:
L = 50, 300, 1000, 3000 fb−1, that correspond to a near-future LHC value for the cur-
rent run (50 fb−1), and to planned luminosities for the third run (300 fb−1) and the
High-Luminosity LHC (1000 and 3000 fb−1) [279].
In Fig. 36 we present the results of the statistical significance of our signal, Sstat, in
pp → bb¯bb¯jj events as a function of the value of κ, for the four luminosities considered.
We display as well a closer look for the values of κ ranging between 0.5 and 2.5, inter-
esting for an elevated number of well motivated BSM models. In the lower part of the
left panel we also present the corresponding predictions for the total number of signal
events, NS, as a function of κ. The marked points correspond to the predictions we have
directly evaluated. We show as well, in the right panel of this figure, our predictions for
the value of the total integrated luminosity, L, as a function of the value of κ as well, that
will be required to obtain a sensitivity to a given κ in pp → bb¯bb¯jj events at the 3σ and
5σ level. In this plot, we have also marked the areas in luminosity where the number of
predicted signal events NS is below 1, 10 and 100, respectively, to get a reference of the
statistics obtained.
From these plots, we can extract directly the conclusions on the sensitivity to λ in
VBS processes at the LHC in pp → bb¯bb¯jj events. The first thing one might observe is
the high statistics and significances of the signal for most of the studied cases, except
for the region close to the SM value, say for κ between 1 and 2. Studying carefully this
particular region of the parameter space, we conclude that it is the most challenging one
to access at the LHC, since all the predicted statistical significances given for κ ∈ [0.5, 2]
are below 2σ even for the highest luminosity considered. The second one is that, for the
same absolute value of the coupling, the sensitivities to negative values of κ are higher
than to positive values of κ. The third conclusion is that the LHC should be sensitive to
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L
[
fb−1
]
50 300 1000 3000
κ > 0 κ > 5.4 (7.0) κ > 4.3 (4.8) κ > 3.7 (4.2) κ > 3.2 (3.7)
κ < 0 κ < −2.4 (−3.8) κ < −1.0 (−1.7) κ < −0.3 (−0.8) κ < 0 (−0.2)
Table 7: Predictions for the values of κ ≡ λ/λSM that the LHC would be able to probe in pp→ bb¯bb¯jj events,
with a sensitivity equal or better than 3σ (5σ) for the four luminosities considered: L = 50, 300, 1000, 3000
fb−1.
very broad intervals of κ, even for the lowest luminosity considered, L = 50 fb−1, with
high statistical significance. These means that VBS processes could allow us to probe the
value of λ with very good accuracy in the near future. More specifically, in Table 7 we
show the summary of the predictions for the values of κ ≡ λ/λSM that the LHC would
be able to probe in pp → bb¯bb¯jj events, with a sensitivity equal or better than 3σ (5σ)
for the four luminosities considered: L = 50, 300, 1000, 3000 fb−1.
These results are indeed very interesting, since the sensitivities to λ that one can
obtain from studying VBS double Higgs production are very promising even for the
lowest luminosity considered 50 fb−1. The ranges of λ that the LHC could be able to
probe in this kind of processes indicate that it is worth to study VBS as a viable and
useful production mechanism to measure the Higgs trilinear coupling. On the other
hand, it can be seen that the HL-LHC should be able to test very small deviations in
the value of the Higgs self-coupling and that it should be sensitive to all the explored
negative values for κ. Although the present work is a naive study, since it is performed
at the parton level and does not take into account hadronization and detector response
simulation, the results in Table 7 show that the VBS production channel could be very
promising to measure the true value of λ, and, therefore, to understand the nature of
the Higgs mechanism.
3.2.3 ANALYSIS AFTER HIGGS BOSON DECAYS: SENSITIVITY TO λ IN pp→ bb¯γγjj
The pp → bb¯bb¯jj process is, as we have seen, a very promising channel to study the
Higgs self-coupling at the LHC due to its large event rates. However, it is clear that
it suffers from quite severe backgrounds, coming specially from multijet QCD events,
so one could think of studying complementary channels with smaller rates but with a
cleaner experimental signature. This is the reason why we would like to explore the case
in which one of the Higgs bosons decays to a b-quark pair, as before, while the other one
decays to two photons through gauge bosons and fermion loops. This implies a large
reduction in statistics due to the comparative low branching ratio BR(H → γγ) ∼ 0.2%,
a factor 0.003 smaller than that of H → bb¯.
The analysis of the process pp→ bb¯γγjj implies to go through its main backgrounds
as well. We will consider in this section the same background ZH of the previous case,
since the ZH final state can also lead to processes with two photons and two bottoms,
pp→ HZjj→ bb¯γγjj, coming from the decays of the H and the Z. In addition, we also
consider the mixed QCD-EW pp→ bb¯γγjj background, of O(α2 · α4S) at the cross section
level, that should be the most severe one.
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As we did before, to study signal and background, we first need to establish a set of
cuts that ensure particle detection, so we apply the following basic cuts:
pTj,b > 20 GeV ; pTγ > 18 GeV ;
|ηj| < 5 ; |ηb,γ| < 2.5 ;
∆Rjj,jb,γγ,γb,γj > 0.4 ; ∆Rbb > 0.2 , (105)
and afterwards, to reject the QCD-EW and the ZHjj backgrounds we will apply first the
VBS cuts given in Eq. (97) and subsequently the following kinematical cuts given by
CMS in [271]:
pT
γl
/Mγγ > 1/3 ; pTγs /Mγγ > 1/4 , (106)
where l and s stand for leading (highest pT value) and subleading photons, and where
Mγγ is the invariant mass of the photon pair. The final ingredient is to apply the χHH
cut, taking now into account that we have a b-quark pair and a photon pair in the final
state:
χHH =
√(
Mbb −mH
0.05mH
)2
+
(
Mγγ −mH
0.05mH
)2
< 1 . (107)
This ensures that the two b-quarks and the two photons come from the decay of a Higgs
particle.
Once again, there might be important background contributions from multijet QCD
processes leading to different final states than that of bb¯γγjj, such as 6j and bb¯jjjj, in
which some of the final state light jets are again misidentified as b jets and some are
misidentified as photons. Taking again as the presumably leading QCD background
processes the production of six light jets and of two b jets and four light jets, applying
a misidentification rate of 0.1% per each jet misidentified as a photon, and considering
a similar reduction factor after our selection cuts as before, since the selection cuts are
very similar, we obtain: 1.3 · 105 · (0.01)2 · (0.001)2 · 1.1 · 10−5 = 1.4 · 10−10 pb for the six
light jets case and 7.5 · 103 · (0.001)2 · 1.1 · 10−5 = 8.2 · 10−8 pb for the 2b4j case. Again
in both cases the final cross sections are more than one order of magnitude smaller than
the main background we have considered, being of order 10−6 pb, concluding again that
they can be neglected as well.
Having all this in mind, we present in Fig. 37 the predictions for the total cross
section of the process pp → bb¯γγjj as a function of the invariant mass of the bb¯γγ
system Mbb¯γγ, for different values of the Higgs self-coupling λ. We also display the
prediction for the total SM background (sum of the QCD-EW and the ZHjj background)
for comparison. Once again, one can see that the signal distributions for different values
of κ are very similar to those shown in Fig. 31, and that the main difference is due to
the reduction factor of the branching ratios into photons and into b-quarks. They are
very similar, too, to the results of the bb¯bb¯jj final state, in Fig. 35, although two-three
orders of magnitude smaller. The background is, however, very different with respect to
the one for bb¯bb¯jj events. It is smaller in comparison with the signal, specially at high
Mbb¯γγ, since it decreases much more steeply. Therefore, we would expect to have good
sensitivities to the Higgs self-coupling despite the lower rates of the process involving
photons. For completeness, we display in Table 8 the predictions for the total cross
section of the signal, for the set of κ values considered, and after applying all cuts given
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Figure 37: Predictions for the total cross section of the process pp → bb¯γγjj as a function of the invariant
mass of the bb¯γγ system Mbb¯γγ for different values of the Higgs self-coupling λ. We display the predictions
for the signal with positive (left panel) and negative (right panel) values of λ for comparison, as well as
the total SM background. Cuts in Eqs.(105)-(107) and VBS selection cuts presented in Eq.(97) have been
applied. The center of mass energy is set to
√
s = 14 TeV.
in Eq. (97) and in Eqs. (105)-(107). The prediction for the cross section of the total SM
background for this same cuts amounts to σBackground = 1.4 · 10−6 pb.
In Fig. 38 we show the predictions for the statistical significance Sstat, computed in
the same way as in the previous section, making use of Eq. (104), for the four luminosi-
ties considered previously, L = 50, 300, 1000, 3000 fb−1 and taking again a closer look
for the values of κ ranging between 0.5 and 2.5. We also show the predictions of the
final number of signal events, NS as a function of κ, for these same luminosities. On the
right panel of this figure we present the prediction for the value of the luminosity that
will be required to probe a given κ value with sensitivities at 3σ and 5σ, as a function
of the value of κ. In these plots, due to the lower statistics of this process, some of the
computed significances correspond to scenarios in which there is not even one signal
event. The concrete predictions for these signal event rates can be read from the lower
plot of the left panel.
Taking a look at these figures, we can again extract the conclusions on the sensitiv-
ity to the Higgs self-coupling at the LHC in VBS processes, this time in pp → bb¯γγjj
events. One might notice that, although the results are less encouraging than those of
pp → bb¯bb¯jj events, this channel could also be very useful to measure the value of λ.
Analogously to the previous section, in Table 9 we present the values of κ ≡ λ/λSM that
κ 0 1 -1 2 -2 5 -5 10 -10
σSignal · 106 [pb] 2.0 0.7 4.5 0.5 8.0 6.4 25.2 38.4 76.0
Table 8: Predictions for the total cross section of the signal pp → bb¯γγjj after imposing all the selection
criteria, VBS cuts given in Eq. (97) and cuts given in Eqs. (106) and (107) for all the values of κ considered
in this work: κ = 0,±1,±2,±5,±10. The cross section of the SM background for this same cuts amounts
to σBackground = 1.4 · 10−6 pb. Basic cuts in Eq. (105) are also applied.
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Figure 38: Prediction of the statistical significance, Sstat, of the process pp → bb¯γγjj for the four lumi-
nosities considered L = 50, 300, 1000, 3000 fb−1 (left panel) and of the value of the luminosity that will be
required to probe a given κ at the LHC at 3σ and at 5σ (right panel), as a function of the value of κ. The
marked points represent our evaluations. In the left panel, a zoom is performed on the interesting values
of κ ranging between 0.5 and 2.5. The shadowed areas in the right panel correspond to the regions where
the number of predicted signal events NS is below 1, and 10. The center of mass energy has been set to√
s = 14 TeV.
would be accessible at the LHC in these type of events, pp → bb¯γγjj, with a statistical
significance equal or better than 3σ(5σ), for the four luminosities considered.
These results show again that the values of κ that can be probed in the future at
LHC through the study of VBS processes leading to the final state bb¯γγjj could be very
competitive as well. Except for the lowest luminosity considered, L = 50 fb−1, where
the signal rates found at the parton level are too low as to survive the extra suppression
due to the missing detector efficiencies, hadronization effects etc, the sensitivities found
point towards the potential of VBS processes in order to obtain a precise measurement
of λ. The values close to the SM value, are, again, very challenging to reach at the LHC,
since the statistical significances of κ ∈ [0.5, 2] are always below 2σ for this case as well.
However, the HL-LHC should be able to probe deviations in λ very efficiently in this
channel.
L
[
fb−1
]
50 300 1000 3000
κ > 0 κ > 9.9 (14.2) κ > 6.4 (8.4) κ > 4.6 (6.0) κ > 3.8 (4.7)
κ < 0 κ < −6.7 (−10.0) κ < −2.7 (−4.6) κ < −1.1 (−2.3) κ < −0.2 (−1.0)
Table 9: Predictions for the values of κ ≡ λ/λSM that the LHC would be able to probe in pp →
bb¯γγjj events, with a sensitivity equal or better than 3σ (5σ) for the four luminosities considered:
L = 50, 300, 1000, 3000 fb−1.
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3.2.4 BEYOND PARTON LEVEL ESTIMATES
Finally, to close this section of results, we find pertinent to discuss on how the preci-
sion of our predictions could be improved by including additional considerations. We
comment here just on those that we consider are the most relevant ones.
1.- Our computation of the HHjj signal rates incorporates just those coming from the
subprocess qq → HHjj, which includes VBS, but this is not the only contributing
channel. It is well known that also the subprocess gg → HHjj, initiated by glu-
ons, does contribute to these signal rates, and it is also sensitive to large BSM λ
values [130]. Although it is a one-loop process, mediated mainly by top quark
loops, it provides a sizable contribution to the total HHjj signal cross section. For
instance, for the case of λ = λSM, the total cross section at the LHC with
√
s =
14 TeV is, according to [138], 5.5 fb from gg → HHjj to be compared with 2 fb
from VBS. Therefore, when considering both contributions to the signal, the sen-
sitivity to λ presumably increases. However, we have explicitly checked that once
we apply our optimized VBS selection cuts summarized in Eq. (97) and in Table 3,
we get a notably reduced cross section for this gg subprocess. In particular, our
estimate of the signal rates at the LHC with
√
s = 14 TeV from gg → HHjj, after
applying the stringent Mjj > 500 GeV cut and using the results in [138] for the Mjj
distribution, gives a strong reduction in the corresponding cross section, and leads
to smaller rates for gg than those from VBS by about a factor of 20. Therefore its
contribution to the signal rates studied here can be safely neglected, and no much
better precision will be obtained by including this new contribution in the signal
rates. We have also checked that this finding is true for other BSM values of λ.
2.- When considering next to leading order (NLO) QCD corrections in our estimates of
both the signal and background rates, we expect some modifications in our results.
These can be very easily estimated, as usual, by using the corresponding K-factors.
Thus, for instance, for the leading bb¯bb¯jj final state, we can include these NLO cor-
rections by taking into account the K-factors for the VBS signal and for the main
background from multijet QCD. For the signal we take the K-factor from [131],
given by KVBS = 1.09. For the QCD-multijet background the corresponding K-
factor is, to our knowledge, not available in the literature, and different choices
are usually assumed. We consider here two choices: KQCD = 1.5, and another,
more conservative one, of KQCD = 3. This implies that our predictions for the
signal rates are practically unchanged, but those for the background rates are in-
creased by a factor of 1.5 and 3 respectively. This modifies our predictions for the
statistical significance of the bb¯bb¯jj signal, from the Sstat results given Fig. 36 to
SNLOstat ∼ KVBS/
√
KQCD Sstat ∼ 0.9 Sstat (0.6 Sstat ) for KQCD = 1.5 (KQCD = 3).
For instance, for the high luminosity considered of 1000 fb−1 we get sensitivities of
κ > 3.8(4.3) for KQCD = 1.5, and of κ > 4.5(4.8) for KQCD = 3, both at the 3σ (5σ)
level, to be compared with our benchmark result in Table 7 of κ > 3.7(4.2). There-
fore ignoring these NLO corrections does not provide large uncertainties either.
3.- When including b-tagging efficiencies in our estimates of the bb¯bb¯jj signal and
background rates, our predictions of the statistical significance do also change.
However, an estimate of this change can be easily done by adding the corre-
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sponding modifying factors. Assuming well known b-tagging efficiencies of 70%,
that apply to both the signal and background, the two rates are reduced by a
factor of 0.74 ∼ 0.24 . Therefore we get a reduced statistical significance of
Sb−tagstat ∼ 0.24/
√
0.24 Sstat ∼ 0.5 Sstat with respect to the ones that we have re-
ported previously. This factor of 0.5 will change our predicted sensitivities to BSM
λ values. Again, as an example, for the considered luminosity of 1000 fb−1 we get
sensitivities of κ > 4.3(4.9) at the 3σ (5σ) level to be compared with our bench-
mark result in Table 7 of κ > 3.7(4.2).
Similarly, considering also photon-identification efficiencies (also called in this
work γ- tagging) of 95%, as presented in the literature, we get reduced signal and
background rates for the bb¯γγjj final state by a factor of 0.72 × 0.952 ∼ 0.44. Ac-
cordingly, we obtain a reduction in the statistical significance of the bb¯γγjj events,
given by Sb,γ−tagstat ∼ 0.44/
√
0.44 Sstat ∼ 0.7 Sstat with respect to our results re-
ported in the pages above. The changes in the sensitivities to κ can be easily
derived. using the same illustrative example, for 1000 fb−1 of luminosity, we get
sensitivities of κ > 6.0(8.0) at the 3σ(5σ) level to be compared with our benchmark
result in Table 9 of κ > 4.6(6.0).
4.- One of the largest uncertainties comes from the choice of the energy resolution
needed for the reconstruction of the HHjj signal events from the corresponding
final state. This basically can be translated into the choice for the particular def-
inition of the χHH variable which is very relevant for the selection of the HH
candidates. Thus, for the bb¯bb¯jj final state, in our benchmark scenario we have
taken 0.05×mH around mH in the definition of XHH in Eq. (103), i.e.4,
χHH ≡
√(
Mbbl −mH
∆E mH
)2
+
(
Mbbs −mH
∆E mH
)2
< 1 , (108)
with ∆E being the energy resolution, which in this case was set to 0.05, leading to a
mass resolution of 5% of the Higgs mass. We chose this value since it optimizes the
selection efficiency and could be useful for future experiments with better energy
resolution. However a more realistic choice, given the current energy resolution
at the LHC experiments, could rather be ∆E ·mH = 0.1×mH GeV ∼ 12.5 GeV. We
have redone the analysis with this alternative and more conservative choice and we
have obtained, as expected, a reduced statistical significance. The signal rates do
not change (we still get 4.1× 10−5 pb) , but the main QCD-background does (we
get 1.8× 10−2 pb instead of our benchmark value of 6.8× 10−3 pb). This translates
in a reduction of the significance given by a factor SχHHstat ∼ 1/
√
18/6.8 Sstat ∼
0.7 Sstat. The implication of this reduction can directly be seen as a modification
of the sensitivity to κ. Once again, for our benchmark case of 1000 fb−1, we obtain
sensitivities of κ > 4.0(4.5) at the 3σ (5σ) level to be compared with our benchmark
result in Table 7 of κ > 3.7(4.2).
Apart from redoing the analysis for this 10% resolution5, we have also studied
other possible and realistic values such as ∆E = 20% and ∆E = 30%, to have a
4 Equivalently in the case of pp→ bb¯γγjj substituting Mbbs by Mγγ.
5 When mentioning a percentage for the energy resolution we refer to that percentage of the Higgs mass.
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Figure 39: Prediction of the statistical significance, Sstat, of the process pp→ bb¯bb¯jj (left panel) and of the
process pp → bb¯γγjj (right panel) for L = 1000 fb−1 as a function of the value of κ for different values
of the energy resolution, (∆E%), applied through the variable χHH defined in Eq. (108). These different
values are marked with different symbols. We show the predictions for the original events (green lines and
green shaded areas; notice that the upper green line corresponds to the green line presented in Fig. 36 (left
panel) and Fig. 38 (right panel)), and for the events with a Gaussian smearing applied in order to account
for detector effects (purple lines and purple shaded area). The marked points represent our evaluations.
The center of mass energy has been set to
√
s = 14 TeV.
better idea of the implications of the value of the mass determination uncertainty
in our predictions. The results for both of our signals are shown in Fig. 39 by the
green lines and green shaded areas, where we present the values for the statistical
significance at 1000 fb−1 as a function of the value of κ for different energy reso-
lutions of ∆E = 5% (original scenario throughout the work), 10%, 20% and 30%
(the purple lines and purple areas of this figure will be discussed next). One can
see that, as expected, the statistical significance decreases as the energy resolution
worsens, but in any case, from the most optimistic case (∆E = 5%) to the less
optimistic one (∆E = 30%), we only obtain a reduction factor of at most 0.4 in the
statistical significance.
5.- Another important point that might change significantly our predictions is that
introduced by the Higgs mass reconstruction uncertainty coming from detector ef-
fects. To estimate this uncertainty, we have applied a Gaussian smearing to the
energy of all final state partons. Following [280]. This gaussian dispersion has
been introduced as 1/
√
2piσ · e−x2/(2σ2), with σ = 0.05 · Ej,b for the energy disper-
sion of the final light and b jets and with σ = 0.02 · Eγ for the energy dispersion
of the final photons. We have performed this for each studied signal and for their
corresponding backgrounds in order to characterize the impact that these detector
effects have regarding the distribution of our events on the relevant kinematical
variables. In Fig. 40 we show the distribution of 10000 Monte Carlo signal events
of pp→ HHjj→ bb¯bb¯jj (left panel) and of pp→ HHjj→ bb¯γγjj (right panel) in
the plane of the invariant mass of one the Higgs candidates (Mbb2 in the left panel
and Mbb in the right panel) versus the invariant mass of the other Higgs candidate
(Mbb1 in the left panel and Mγγ in the right panel). No other cuts than those of the
basic selection, given in Eq. (98) (left panel) and in Eq. (105) (right panel) have
been implemented. The orange points correspond to those events that fulfill the
VBS selection criteria. The impact of these VBS cuts does not change appreciably
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Figure 40: Distribution of 10000 Monte Carlo signal events of pp → HHjj → bb¯bb¯jj (left panel) and of
pp→ HHjj→ bb¯γγjj (right panel) in the plane of the invariant mass of one the Higgs candidates (Mbb1 in
the left panel and Mbb in the right panel) versus the invariant mass of the other Higgs candidate (Mbb2 in
the left panel and Mγγ in the right panel) after applying a Gaussian smearing to the energy of all final state
partons as explained in the text. See details of HH candidate selection in the text. Orange dots correspond
to those events that pass the implemented VBS selection cuts given in Eq.(97). Cuts in Eq. (98) (left panel)
and in Eq. (105) (right panel) have been implemented. The value of the acceptance A of the VBS cuts is
also included. The red cross represents the value of the Higgs mass. The center of mass energy has been
set to
√
s =14 TeV.
after the smearing, not on the signal nor on the background events. The selection
of the Higgs candidates in the case of the bb¯bb¯jj signal is performed as explained
in the text, following the minimization of |Mbb1 −Mbb2 |. This is the reason why we
obtain several points distributed in the diagonal of the left panel. As expected, the
detector effects translate into a dispersion of the signal points from the Higgs mass
point outwards. In the bb¯bb¯jj case, the dispersion is isotropic, since the smearing af-
fects all four b-quarks in the same way, whereas in the bb¯bγγjj case, the dispersion
in the Mbb direction is bigger with respect to that in the Mγγ direction, accordingly
to the difference in the energy resolution of b-quarks and photons in the detector.
These results are compatible to those obtained in reference [261]. In any case,
both signals seem to lie inside a circle of radius around 12 GeV, which corresponds
to a 10% of the Higgs mass value. This suggests that the effects of the smearing
on our predictions of the statistical significance will severely depend on the ∆E we
use in the χHH selection cut, and, in principle, we expect that for ∆E = 10% we
will obtain the best sensitivities. This is so because, for this ∆E = 10%, we select
the minimum possible number of background events compatible with selecting all
of our signal events simultaneously.
In order to better understand the impact of the ∆E value once the detector effects
have been taken into account, we present in the purple lines and purple shaded ar-
eas of Fig. 39 the values for the statistical significance at 1000 fb−1 as a function of
the value of κ for different energy resolutions of 5% (original scenario throughout
the work), 10%, 20% and 30% after the smearing on the energy of all final state
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Figure 41: Prediction of the statistical significance, Sstat, of the process pp → bb¯bb¯jj (left panel) and of
the process pp → bb¯γγjj (right panel) for L = 1000 fb−1 as a function of the value of κ for two different
scenarios: the original parton level analysis (dark grey line, corresponding to the green lines in Fig. 36 (left
panel) and Fig. 38 (right panel)) and the analysis performed taking into account the tagging efficiencies of
the final state particles, the NLO corrections, the estimation of the detector effects via a Gaussian smearing
on the energy of all final state partons and with a 10% Higgs mass determination uncertainty (blue line,
see details of these considerations in the text). The marked points represent our evaluations. The center of
mass energy has been set to
√
s = 14 TeV.
partons has been applied. Is it clear from this figure that, indeed, taking ∆E = 10%
in the bb¯bb¯jj case maximizes the statistical significance once the detector effects
are included. In the bb¯γγjj case (notice that the purple area overlaps with the
green one) the ∆E = 5% is still the value that gives the best sensitivities, since
the signal to background ratio is larger. In any case, from the upper green line to
the upper purple line, there is at most a reduction factor of 0.4 in the statistical
significance.
6.- Considering in addition the effects from showering and clustering of the final jets
will presumably change our naive parton level predictions. However, their estima-
tion will require a more sophisticated and devoted analysis with full computing
power and the use of additional techniques like Boost Decision Trees (BDT) and
others. This is particularly involved if we wish to control efficiently the background
form QCD-multijets and, consequently, we have not performed such an analysis in
this Thesis. Nevertheless, to get a first indication of the importance of these effects
in the signal rates, we have performed a computation of the bb¯bb¯jj signal events
after showering with PYTHIA8 [281] and clustering with MadAnalysis5 [282–285]
using the anti-kt algorithm with R = 0.4, for the BSM example of κ = 5. We have
obtained that the cross-section after applying our basic and VBS cuts is 3.0.10−3 pb
if we include showering+clustering, which should be compared with our parton
level estimate of 3.7.10−3 pb . Therefore, the effect from showering+clustering
at this signal level is not very relevant. However, it is expected that it could be
relevant in the HH selection candidates and, as we have said, in the reduction
efficiency of the QCD-multijet background.
Finally, to conclude this subsection and in order to give a more accurate and realistic
prediction, all the above mentioned considerations must be taken into account simulta-
neously. To this aim, we present, in Fig. 41, the predictions of the statistical significance
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as a function of the value of κ at 1000 fb−1 for two comparative scenarios: the original
analysis from LO parton level predictions (dark grey line) and the analysis performed
after taking into account the main distorting effects which are the tagging efficiencies
of the final state particles, described in point 3.- of this discussion, the NLO corrections
described in point 2.- and the estimation of the detector effects, introduced in point 5.-
with a 10% Higgs mass determination uncertainty. We give these predictions for both
of the studied signals: pp → bb¯bb¯jj (left panel) and pp → bb¯γγjj (right panel). The
main conclusion is that the biggest uncertainty in our predictions comes from the fact
that we are not taking into account, a priori, detector effects. We have already seen that
this can reduce the statistical significance by a factor of 0.4. The second biggest source
of uncertainty is the choice of the value of the Higgs mass resolution, ∆E. Taking a
10% mass resolution instead of a 5% can account for a reduction of 0.7 in the statistical
significance. Similarly, the b-tagging efficiencies in the bb¯bb¯jj case can lead to a similar
reduction factor of 0.7. Finally, the NLO corrections play the least relevant role when
estimating the uncertainties of the calculation. All the main effects together lead to a
reduction factor of at most 0.2 in the statistical significance for pp → bb¯bb¯jj and of at
most 0.5 for pp → bb¯γγjj. The corresponding changes in the sensitivities to κ can be
easily derived from Fig. 41. Using the same illustrative example, for 1000 fb−1 of lumi-
nosity, we get sensitivities to κ > 6.2(7.7) at the 3σ (5σ) level to be compared with our
benchmark result in Table 7 of κ > 3.7(4.2) for the bb¯bb¯jj case and of κ > 7.7(9.4) at the
3σ (5σ) level to be compared with our benchmark result in Table 9 of κ > 4.6(6.0) for
the bb¯γγjj one.
Based on the discussion above we believe that a more dedicated analysis, including
more accurately all the considerations above with showering, clustering, and detector
effects, and optimizing the selection criteria accordingly, might lead to a sensitivity to
the Higgs self-coupling of the same order of magnitude, although a bit smaller, than the
one obtained with our naive original analysis. We believe that our findings indicate that
double Higgs production via vector boson scattering is a viable and promising observable
to measure the Higgs self-coupling in BSM scenarios.
In this Chapter, we have analyzed the sensitivity to λ in double Higgs production
via vector boson scattering at the LHC, taking advantage of the fact that these processes
have very characteristic kinematics that allow us to select them very efficiently against
competing SM backgrounds. We have seen how VBS processes can be useful to test
BSM scenarios at the LHC, since the two signals we have considered, pp → bb¯bb¯jj and
pp → bb¯γγjj, lead to scenarios in which competitive sensitivities to BSM values of the
Higgs self-coupling could be reached at different luminosity stages of the LHC, even
beyond our parton level estimates. Because of this, we believe that the vector boson
scattering HH production channel will lead to very interesting (and complementary to
those of gluon-gluon fusion) findings about the true nature of the Higgs boson.
Having set an example of the VBS potential in the search for new physics, we can
move on to the next Chapter, in which we will rely again in this kind of observables
to understand the implication of unitarization effects in the information about the EFT
characteristics that we can extract from the LHC data.
4 UNITARIZATION EFFECTS IN EFT
PREDICTIONS OF WZ
SCATTERING AT THE LHC
Throughout the different Chapters of this Thesis it has become manifest that VBS observ-
ables at the LHC should be the most promising window to look directly for information
about the EWSB dynamics. Concretely, the measurements performed up to this date by
the ATLAS and CMS searches, as well as others, have allowed to constraint the param-
eter space of the EFTs that aim to describe these dynamics at low energies. However,
as we have argued already in the previous pages, these measurements can lead to some
discrepancies in the interpretation of the experimental data in terms of bounds imposed
on the EFT parameters.
The way in which the different experiments treat the issue of the violation of unitar-
ity in VBS measurements is what really complicates the task of achieving a combined
constraint on the EFT (in this case EChL) coefficients. As we have introduced, the viola-
tion of perturbative unitarity is a common feature of these effective descriptions, and it
can take place at values of the center of mass energy that the LHC is currently exploring.
Nevertheless, since it is understood as a non-conservation of the probability, unitarity
violating predictions shall not be used to compare against experimental data, since they
suppose an inconsistency of the underlying EFT.
We wish, however, to rely on the EChL since it is the most general effective theory
devoted to explain the EWSB nature, and, in order to do that, the unitarity violation
problem must be solved. For this reason, unitarization methods are used to construct
unitary scattering amplitudes from the raw, non-unitary EFT predictions, as we already
explained in Chapter 1. There, we introduced various of the most commonly employed
unitarization methods nowadays, stressing an important fact: that choosing a particu-
lar method introduces some model dependence that cannot be avoided, especially in
the non-resonant regime. In the resonant case, those methods that are able to repro-
duce the correct analytical behaviour of the scattering amplitudes (like the IAM or the
N/D method) lead to very similar results regarding the resonance properties. On the
contrary, in a non-resonant scenario, i.e., when looking for smooth deviations from the
continuum, the various manners of unitarizing the computation of an observable lead to
very different final results [58, 63, 90, 91, 95, 105, 108, 113, 115, 211, 228, 286]. Thus,
a theoretical uncertainty arises when computing unitarized EFT predictions due to the
fact that there is a variety of ways of achieving such a unitary outcome.
Current constraints imposed on some of the mentioned low-energy parameters by
LHC experiments do not take this theoretical uncertainty into account, as we have al-
ready mentioned throughout several parts of this Thesis (see Chapter 2). They interpret
the experimental data using the theoretical EFT predictions in different ways, i.e., using
different unitarization methods or no unitarization method at all. For instance, the most
recent constraints for a4 and a5 (or, equivalently, for their linear counterparts defined in
Eq. (56)) given in [193–195, 254] provide different analyses. Whereas in [194] the mea-
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sured cross section is directly reported, in [195] the K-matrix method is used to impose
bounds on a4 and a5 and in [193, 254] the pure EFT predictions are used to obtain such
constraints. Therefore, a prescription is needed in order to obtain a unique constraint
that can be reliable, and, in some sense, independent of the unitarization method we
use.
In this Chapter, we quantify the uncertainty due to the choice of unitarization scheme
present in the determination of some of the most relevant low-energy constants for VBS
processes, namely, a4 and a5. To this aim, we chose to study the particular VBS process
given by the WZ channel in the EChL as a first approach and since it will be a remark-
able relevant channel for the next Chapters, as we will see. Within this framework,
we characterize the unitarity violation that arises in the predictions of the WZ → WZ
cross sections, and we analyze the impact that a variety of well stablished unitarization
methods have on them. We pay special attention to the fact that all helicity states of
the incoming and outgoing gauge bosons might play a relevant role in the unitarization
process, and consider them all at once as a coupled system.
Then, we move on to the LHC scenario. We use the Effective W Approximation [239,
240] to give predictions of pp →WZ+X events at the LHC for different unitarization
schemes. In order to check that the EWA works for our purpose here, we compare its
predictions for the cases of the SM and the EChL with the corresponding full results
from MG5 [234, 235], and we find very good agreement in both cases. Finally, in order
to provide a quantitative analysis of the implications of our study on the LHC searches,
we choose to compare our results with those in [195]. Concretely, we translate the
ATLAS constraints from [195] to construct the 95% exclusion regions in some of the
EChL parameter space for each of the considered unitarization methods, giving, at the
same time, the total theoretical uncertainty driven by the variety of these methods.
4.1 UNITARITY VIOLATION AND EXPERIMENTAL STATUS OF WZ
SCATTERING
In Chapter 1 we reviewed precisely the example of the WZ scattering in what concerns
to the violation of unitarity coming from the EChL operators. Specifically, in Fig. 14, we
studied the relevance of the chiral coefficients in the unitarity violation of this observable
at the subprocess level. The main conclusion extracted from this Figure was that only a4
and a5 play a relevant role regarding the violation of unitarity in this context. Therefore,
in this Chapter we will consider only these two chiral parameters to present our main
conclusions, although some discussion about other coefficients will be provided.
Since our final aim here is to reinterpret the given experimental constraints on these
two parameters, it is important to revisit the current bounds imposed on them. In Chap-
ter 1, we presented already the most stringent bounds available, extracted from the
combination of searches in different VBS channels. Furthermore, in Chapter 2, we re-
viewed the experimental status of VBS observables at the LHC. There we pointed out
two experimental works, one by ATLAS [194] and another one by CMS [193], that cor-
respond to the most recent VBS searches available, carried out with
√
s = 13 TeV data.
In the former a maximum total cross section of various VBS processes, and, therefore, a
model independent experimental study is reported, whereas in the latter direct bounds
on the linear counterparts of some EChL parameters are provided.
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Figure 42: The observed [a4, a5] 95% C.L. region for W±W± final state (solid red contour), for WZ final
state (solid cyan contour) and for the combined analysis (solid black contour) observed by the ATLAS
collaboration interpreting the data using the K-matrix unitarization at
√
s = 8 TeV and L = 20.2 fb−1. The
expected confidence regions are shown as well. Figure borrowed from [195], where the notation of [α4, α5]
is used instead of [a4, a5].
These bounds are obtained without unitarizing the EChL (or, in those references the
linear EFT) predictions at all, through a combined study of different VBS channels and
analyzing the effect of each parameter at a time. One should keep in mind that these
values for the a4 and a5 bounds might be overestimated, since the issue of the violation
of unitarity has been neglected in the corresponding study.
Nevertheless, we have chosen to study the WZ channel only as a first approach to the
issue of extracting information from the LHC data about the EFT characteristics. There-
fore, we need specific analyses devoted to this channel. In this sense, the result provided
in [254? ] represent the most up to date constraints on a4 and a5 in WZ scattering. In
the former, performed with
√
s = 8 TeV data, a K-matrix unitarization analysis, following
the procedure proposed in [108], is carried out. With this prescription, the EChL [a4, a5]
parameter space is constrained, as it is shown in Fig. 42, borrowed from [195]. We will
rely mainly upon this experimental search of [195] as a first example since it already
involves a specific treatment of the violation of unitarity in WZ observables. Besides, as
the overall constraints imposed in the EChL parameters in this study are of the order of
a4 ∼ a5 ∼ 0.01, we will use these values as reference to illustrate different VBS features
without loss of generality.
With all these considerations in mind, we now move on to characterize the restora-
tion of unitarity in WZ scattering. In the next subsection we will comment on the way
in which we will implement the various unitarization methods presented in Chapter 1
paying special attention at the fact that the unitarization condition couples the different
helicity channels. We will present the different predictions these methods provide at the
subprocess level in order to have a first insight of their impact in the WZ cross sections.
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4.2 RESTORING UNITARITY IN WZ SCATTERING
In the previous pages we have stated that the EChL, and especially the operators gov-
erned by a4 and a5, lead to unitarity violatiing predictions for WZ→WZ scattering cross
sections in the energy range accesible by the LHC. We have also discussed that in order to
make the EFT testable at colliders, we need to solve this problem and obtain fully unitary
results for the relevant observables. To this aim, unitarization methods are addressed:
prescriptions to construct unitary scattering amplitudes from the raw, non-unitary, EFT
predictions. A summary of these methods and their generalities was already presented
in Chapter 1. In this subsection, therefore, we will just recall the basic aspects of these
prescriptions and the concrete way in which we implement them.
First of all, it is important to have in mind that in the case of non-resonant scenar-
ios different unitarization methods can lead to outstandingly different predictions for
diverse observables. This reinforces our hypothesis that, in order not to lose the appeal-
ing model independence of EFTs in the non-resonant case, the predictions given from
the different unitarization methods available have to be contrasted, and a quantitative
estimate of their differences should be provided. This inevitably introduces a theoret-
ical uncertainty in the unitarized EFT predictions, which is precisely the one we want
to quantify. Therefore, we will focus in the case in which new resonant states do not
manifest in the energies we are going to explore at the LHC via VBS. Besides, if present,
they would also suppose a completely different experimental setup and search strategy,
as we will see in the next Chapters.
Second of all, if we recall the unitarity condition given in Eq. (65) that all unitarized
amplitudes must fulfil, we see once again that the unitarity of a particular helicity chan-
nel does not depend just on itself but in other helicity amplitudes as well. This implies
that considering only the most pathological of these amplitudes in terms of the violation
of unitarity, could mean that we are neglecting important effects given the fact that the
helicity system is coupled. In general, the most worrying helicity channel regarding the
violation of unitarity will be the purely longitudinal one WLZL →WLZL, due to its close
relation with the strongly interacting Goldstone bosons. Thus, the larger the number of
longitudinally polarized gauge bosons involved in the scattering, the lower the energy at
which unitarity will be violated. In any case, the fact that the purely longitudinal helicity
channel dominates at high energies and dominates the violation of unitarity depends on
the particular setup that one is considering.
By studying the partial waves with the lowest values of angular momenta, J = 0, 1, 2,
for the 81 helicity channels independently and for different values of a4 and a5 and
at different center of mass energies, one can disentangle the relevance of the purely
longitudinal case with respect to the other helicity channels. These three lowest-order
partial waves are the ones that should contain all the unitarity violating effects as it has
already been explained in previous sections of this Thesis.
With this in mind, we have calculated the absolute value of the three lowest-order
partial waves for all the helicity channels at a certain center of mass energy and for
a particular value of a4 and a5, in order to understand the implication of the different
helicity amplitudes in the total cross section and in the unitarization process. In Fig. 43
we present an example of this for the reference values of a4 = a5 = 0.01 and for a
representative center of mass energy of 1 TeV.
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Figure 43: Numerical values of the three lowest angular momentum partial waves aJ(
√
s) with J = 0
(left), J = 1 (middle), and J = 2 (right), of the 81 helicity combinations of W+Z → W+Z scattering.
Predictions are shown for a fixed center of mass energy of
√
s = 1 TeV and for a4 = a5 = 0.01 (with
the other parameters set to their SM value) as reference. Incoming and outgoing states can be interpreted
indistinctly since the results are presented in a symmetric way due to time-reversal invariance. The included
labels of these 9 incoming WZ and 9 outgoing WZ states with two polarized gauge bosons, longitudinal (L)
and/or transverse (T+,−), are ordered and denoted here correspondingly by: LL, T+T+, T+T−, T−T+ ,
T−T−, LT+, LT−, T+L and T−L.
Looking at this figure, one can observe various interesting features. The first one is
that, in general terms, the J = 0 partial wave (left panel) is around one order of magni-
tude bigger than the other two, J = 1, 2 (middle and right panels, respectively), as we
expected from the results in Fig. ??. The second one is that only for that same value
of the angular momentum, J = 0, the purely longitudinal scattering (displayed in the
(1,1) entry of these “matrices”, where incoming and outgoing states can be interpreted
indistinctly since the results are presented in a symmetric way due to time-reversal in-
variance) dominates, being it a factor 5 larger than the next contributing helicity channel
and thus becoming practically the only relevant amplitude to take into account.
In the other two cases, J = 1, 2, the LL → LL amplitude is no longer dominating
the picture and other helicity channels become important. In particular we see in this
figure that T+T+ → T+T+ and T−T− → T−T− play a relevant role in J = 1 and
T+T− → T−T+ and T−T+ → T+T− do it in J = 2. This points towards the fact that,
in some setups and for determined values of the relevant chiral parameters, neglecting
the unitarity-violating effects of other channels apart from the purely longitudinal one
could lead to incomplete predictions. This is the reason why we will consider the whole
coupled system of the 81 helicity amplitudes when applying the mentioned unitarization
methods.
The different unitarization prescriptions we are going to study in this Chapter are
those presented in Chapter 1. There, we introduced five unitarization methods that
could be classified in two categories: 1) the ones that directly suppress by hand the
pathological energy behaviour of the amplitudes with energy (Cut off, Form Factor and
Kink), and 2) the ones that unitarize the first three partial waves from which then the
total unitary amplitude is reconstructed (K-matrix and IAM). It is important to recall that
they differ in their physical implications and motivation and in their analytical properties,
as we already saw in Chapter 1, but, since they are the most commonly used ones in
the literature nowadays we find pertinent to contrast their predictions. Nevertheless,
and despite these differences and the fact that some of them could be more physically
justified than others, there is in principle no prior to choose a particular method with
respect to the others.
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Albeit already introduced in the first Chapter, it is worth reviewing again the five
unitarization prescriptions considered in this Chapter with a brief explanation of each
of them (for some illustrative reviews on different unitarization methods in the context
of VBS see, for instance, [105, 115, 211]). Besides, we also present here the particular
way in which we implement them.
• Cut off: The Cut off is not a unitarization method per se but a way to obtain unitary
amplitudes by just discarding those predictions given for energy values above the
unitarity violation scale Λ, defined in the previous section as the lowest value of√
s at which any partial wave crosses the unitarity bound stated in Eq. (??). This
would mean to reject the predictions of the cross sections marked with dashed
lines in Fig. 14, sticking only to those that respect the unitarity condition (i.e.,
solid lines in these figures).
• Form Factor (FF): In this case, instead of obviating part of the results computed
from the raw EFT, what is done is to suppress the pathological behavior of the
amplitudes with energy above the scale at which each of them violate unitarity. To
that purpose, a smooth, continuous function of the form:
f FFi = (1+ s/Λ
2
i )
−ξi (109)
is employed. Here s is the center of mass energy squared, Λi is the specific value
of
√
s at which the helicity channel i violates unitarity according to Eq. (??) and ξi
is the minimum exponent that is sufficient to fix the pathological behavior of the
corresponding ith helicity amplitude with energy. Thus, every non-unitary helicity
amplitude will be unitarized in the following manner:
Aˆλ1,λ2,λ3,λ4 = Aλ1,λ2,λ3,λ4 · (1+ s/Λ2λ1,λ2,λ3,λ4)−ξλ1,λ2,λ3,λ4 , (110)
with Aˆ being the unitary amplitude and A the non-unitary EFT prediction. With
all these unitarized amplitudes, then, one would be able to recover a unitary un-
polarized, total cross section. In the present case, and for the values of the chiral
parameters that are going to be probed in this work, the scales at which unitarity
is violated for all helicity channels are above the maximum center of mass energy
considered, except in the purely longitudinal case. We have checked that includ-
ing the Form Factor suppression given in Eq. (110) for all helicity channels (notice
that not only the scale is different in each channel, but also the exponent since they
depend differently with energy) is equivalent to do it just in the LL → LL one for
the energies and parameters we are considering, so, for simplicity, from now one
we will apply Eq. (110) to the scattering of longitudinally polarized gauge bosons
leaving the rest unchanged. In this way, our prescription to apply the Form Factor
unitarization method can be summarized as:
AˆLLLL = ALLLL · (1+ s/Λ2LLLL)−2 , (111)
recalling that any other helicity amplitude is left unaffected. The exponent has
been set to ξLLLL = 2 since it is the minimum value necessary to repair the anoma-
lous growth with energy of the LL → LL amplitude. The scale ΛLLLL has been
computed with the VBFNLO utility to calculate Form Factors [287–289].
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• Kink: The so called Kink unitarization method is very similar to the Form Factor.
Conceptually, it is the same, and the only difference present between both pre-
scriptions is that the suppression in the Kink method is not performed smoothly,
but with a step function:
f Kinki =
{
1 s ≤ Λ2i
(s/Λ2i )
−ξi s > Λ2i
. (112)
Except for this fact, the rest of the discussion regarding the Form Factor is equally
valid for the Kink, so, in this case, we will also apply the method only to the
LL→ LL amplitude with an exponent of ξLLLL = 2.
• K-matrix: The K-matrix unitarization method has been extensively studied and
implemented in the context of ChPT in QCD. This method is a prescription applied
to the partial wave amplitudes and basically projects the non-unitary ones into the
Argand circle through a stereographic projection. This means that it takes a real,
non unitary partial wave amplitude to which an imaginary part is added ad hoc
such that the unitarity limit is saturated. For each helicity partial wave amplitude,
this is achieved by using the following simple formula:
aˆJ;K−matrixλ1λ2λ3λ4 =
aJλ1λ2λ3λ4
1− i aJλ1λ2λ3λ4
. (113)
However, as we have already commented throughout the text, the unitarity con-
dition implies that the whole coupled system of helicities has to be taken into
account in our unitarization procedures. Thus, we solve this coupled system in
terms of matrices, for which we construct a 9×9 matrix, whose entries correspond
to the 81 possible helicity amplitudes of the elastic WZ scattering we are studying,
and we unitarize it using the K-matrix method. This way we have:
αˆJ;K−matrix = αJ · [1− i αJ ]−1 , (114)
being α the 9×9 matrix containing the whole system of helicity partial wave am-
plitudes. Now, what we need is to reconstruct, from these unitary partial waves,
the complete scattering amplitude. To this aim, we substitute from the initial, non-
unitary amplitude, the unitarity violating partial waves by their unitarized versions.
As we have already explained in the text, these partial waves are those that corre-
spond to J = 0, 1, 2, so, what we do is to subtract these three partial waves from the
total amplitude to then add the same partial waves after the K-matrix unitarization
has been performed:
Aˆλ1λ2λ3λ4(s, cos θ) =Aλ1λ2λ3λ4(s, cos θ)− 16pi
2
∑
J=0
(2J + 1) dJλ,λ′(cos θ) a
J
λ1λ2λ3λ4
(s)
+ 16pi
2
∑
J=0
(2J + 1) dJλ,λ′(cos θ) αˆ
J;K−matrix
[λ1λ2λ3λ4]
(s) . (115)
Here we denote as αˆJ;K−matrix
[λ1λ2λ3λ4]
(s) (in the rest of the formulas it is implicit that all
partial waves depend solely on s) the element of the 9×9 matrix that corresponds
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to the λ1λ2λ3λ4 polarization state. In this way, we obtain a unitary amplitude
in which we maintain all the fundamental properties introduced by all the partial
wave amplitudes, including those with higher J > 2 that, since are not involved
in the violation of unitarity, remain unaffected. The numerical computations in
this K-matrix case and the next one, IAM, have been performed with a private
mathematica code developed by us.
• Inverse Amplitude Method (IAM): The Inverse Amplitude Method is, probably,
the most profoundly studied unitarization prescription considered in this work. It
is very well known in the context of ChPT for pion-pion scattering, and its accuracy
has been proved in various scenarios, like, for instance, in the prediction of the ρ
meson as an emergent resonance in these scattering processes. It is based on
the application of dispersion relations (bidirectional mathematical prescriptions
allowing to relate the real and imaginary parts of complex functions) to the inverse
of the partial wave amplitudes computed in the EFT framework. This unitarization
procedure can be actually understood as the result of the first Padé approximant
derived from the chiral expansion series provided by ChPT. In practice, this method
implements an approximate re-summation of loops with bubbles in the s-channel
of the given scattering process. Therefore in the present context of the EChL it
accounts for re-scattering effects in the scattering of the two EW gauge bosons,
i.e., WZ in our chosen example, which are not taken into account with the other
unitarization methods. Notice that this makes sense in the context of a strongly
interacting theory since these re-scattering contributions are not suppressed as in
weakly interacting systems.
In summary, if one starts with the typical result for a given partial wave amplitude
from the chiral Lagrangian, given by the sum of the two contributions in the chiral
expansion, one of order O(p2) and the other one of order O(p4) , the correspond-
ing prediction of the IAM leads to the following unitarized helicity partial wave
amplitudes:
aˆJ;IAMλ1λ2λ3λ4 =
(a(2) Jλ1λ2λ3λ4)
2
a(2) Jλ1λ2λ3λ4 − a
(4) J
λ1λ2λ3λ4
, (116)
where a(2) is the contribution to the partial wave amplitude computed with the
operators from the L2 Lagrangian (Eq. (46)) at the tree level, which is of order
O(p2) and a(4) is the contribution to the partial wave amplitude computed with
the operators from the L4 (Eq. (47)) at the tree level, plus the contribution com-
puted with the operators from the L2 Lagrangian at one loop level, which are both
of O(p4). In the present work, since the computation of the complete one loop
level amplitudes that enter in a(4) has not been performed yet due to the difficulty
of the task, we will evaluate this here in an approximate way. Following the usual
features in ChPT, we take the imaginary part of this contribution to be
∣∣∣a(2)∣∣∣2 so
that the unitarity condition is fulfilled perturbatively, and neglect the real contri-
bution of the loops which are expected to provide a very small contribution, not
being relevant for the present computation.
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Once again we encounter ourselves in the scenario in which we have a prescription
to unitarize each helicity amplitude independently. However, we want to take
the whole coupled system of helicities in full generality, as explained above. We
construct once more the 9×9 matrix α, this time splitting it into its O(p2) and
O(p4) contributions, that contains the 81 helicity amplitudes, and we unitarize it
using the IAM in the following matricial manner:
αˆJ;IAM = α(2) J · [α(2) J − α(4) J ]−1 · α(2) J . (117)
At this point, to obtain a fully unitary amplitude, we use the same trick as in
the K-matrix case, i.e., we replace the unitarity violating partial waves of the to-
tal amplitude by their IAM-unitarized version, following Eq. (115) with the only
change of K-matrix→IAM. It is pertinent to make now some comments regarding
important differences between the IAM unitarization method and the rest we have
considered. The IAM does not provide just unitary predictions, but also succeeds
to get partial wave amplitudes with the appropriate analytical structure (for more
details on this, see, for instance, [115]). This implies that it is the only method,
amongst the ones studied in this work, that can accommodate dynamically gen-
erated resonances, since these appear as complex poles in the second Riemann
sheet of the partial wave with the corresponding J quantum number. This is in
contrast to the unitarized partial waves with the K-matrix method that do not have
such poles. These resonances are characteristic of strongly interacting theories,
and appear naturally at high energies, such as in the case of low-energy QCD. Fur-
thermore, it is worth commenting that, according to [228], similar results as those
obtained with the IAM regarding the appearance of dynamical resonances are also
provided by other alternative unitarization methods that lead to the proper ana-
lytical structure. Example of such methods are the N/D or the improved K-matrix,
which for shortness, we have decided not to include here. Nevertheless, for the
forthcoming study at the LHC, as we have already said, we are interested in study-
ing the non-resonant case of the unitarized theory, so the differences among the
various unitarization methods will come in terms of smooth deviations from the
SM continuum via WZ scattering rather than from the appearance of peaks due
to the emergence of resonances. It is important, though, to keep in mind that the
IAM has some peculiarities regarding its structure and physical motivation, that
differentiates it from the others.
We have already discussed briefly each of the unitarization procedures that we con-
sider in this Chapter and the specific way in which we implement them. Now, what
we need is to study the different predictions they provide in regard of VBS observables.
To that purpose, we apply each of them, in the way explained before, to the WZ→WZ
scattering amplitudes for different values of a4 and a5. The final results of this com-
putation can be seen in Fig. 44, where we present the total, unpolarized cross section
of the WZ→WZ scattering as a function of the center of mass energy for the different
unitarization methods used. We also display the SM prediction and the non-unitarized
EChL prediction for comparison. We consider, moreover, two scenarios for the values of
a4 and a5. We set their absolute values to 0.01, as reference, and analyze two cases: the
one in which both have the same sign a4 = a5 = 0.01 (left) and the one in which they
have opposite sign a4 = −a5 = 0.01 (right).
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Figure 44: Predictions of the total cross section of the process W+Z → W+Z as a function of the center
of mass energy for the different unitarization procedures explained in the text: K matrix (purple), Kink
(yellow), Form Factor (FF, blue) and IAM(dashed black). Non-unitarized EChL and SM are also displayed.
Two benchmark a4, a5 values are displayed: a4 = a5 = 0.01 (left) and a4 = −a5 = 0.01 (right). In all plots
a = 1 (or, equivalently, ∆a = 0).
A great number of interesting facts can be extracted from these plots. Firstly, and
most clearly, one can see that different unitarization methods lead, indeed, to very dif-
ferent predictions for this observable. These predictions differ, in general, from those
of the raw EChL and the SM, as well. Therefore, one can expect that these differences
might be very well seen experimentally.
Secondly, another interesting issue arises from the comparison of both panels in the
figure. It appears plainly that the value of the EChL prediction and of the K-matrix
prediction are, in general, smaller in the case in which both parameters, a4 and a5, have
opposite sign. On the contrary, the Kink and the Form Factor provide larger results in
this same case. This means that for the non-unitarized prediction and for the K-matrix,
the regions of the parameter space in which a4 and a5 have the same sign will be more
constrained, whereas for the Kink and the Form Factor the opposite-sign regions will be
the most constrained ones. We have checked that the predictions for the scenario in
which both parameters are negative give the same results as the ones in which they are
both positive, and that in the case in which they have opposite sign the same result is
obtained when either of the parameters is positive/negative.
Thirdly, a comment has to be made regarding the Cut off procedure. The unitarity
violation scale is not explicitly shown in these plots, but it can be inferred from the
position of the “knee” in the Kink prediction. As it is clear, discarding the values of the
cross section above this scale will imply to lose a lot of sensitivity, and will of course
correspond to a very different prediction with respect to the other studied cases.
Regarding the IAM, we can clearly see that for the particular choice of parameters
in the left panel of Fig. 44 its prediction lies very close to the SM one. In this case the
IAM does not provide an emergent resonance in WZ scattering, since for these particular
values of the EChL parameters there are not poles in the reconstructed total amplitude.
As a consequence, the outcome provided by the IAM when applied to the LHC context
will not show any departure from the SM continuum, whereas for the particular choice
of parameters in the right panel there is indeed an emergent resonance below 1 TeV,
which we have decided not to include in this plot since it is already excluded by the
present searches at the LHC.
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Figure 45: Predictions of the total cross section of the process W+Z→ W+Z (left panels) as a function
of the center of mass energy for the different unitarization procedures explained in the text: K-matrix
(purple), Kink (yellow), Form Factor (FF, blue) and IAM(dashed black). Non-unitarized EChL (gray) and
SM (green) are also displayed. Two benchmark a4, a5 values are displayed: a4 = a5 = 0.0001 (upper) and
a4 = 0.0004, a5 = −0.0001 (lower). For comparison, we include the plots corresponding to our predictions
for same choice of the parameters but for the channel WW → ZZ (right panels). In all plots, a = 0.9 (or,
equivalently, ∆a = −0.1.)
When other particular values of the EChL parameters are chosen, different patterns
in the predictions of the VBS cross sections from the various unitarization methods are
obtained. In general, the choice of smaller values of |a4| and |a5| than those in Fig. 44
typically leads, in the non-resonant case, to more similar predictions for the various
unitarization methods in the studied energy range which are also closer to the SM pre-
diction. This can be clearly seen in the upper left panel in Fig. 45 where the parameters
have been set to a4 = a5 = 0.0001 and a = 0.9 (or equivalently, ∆a = a− 1 = −0.1).
We chose to show these predictions as a complementary result for other EChL pa-
rameter values, since it can be interesting to see the roles of different coefficients in the
present framework. For the particular choice we have made, a scalar resonance emerges
close to 3 TeV in the IAM unitarized predictions, which does not manifest in the channel
of our interest here WZ →WZ but in the WW → ZZ channel. This can be seen clearly
in the plot of the upper right panel in Fig. 45. In this case, studying this VBS channel,
WW → ZZ, at the LHC seems more appropriate in order to analyze the distortions
with respect to the SM predictions due to BSM physics represented by this particular
choice of parameters. This means that a complete, combined study of the different VBS
channels is on demand in order to fully explore the whole parameter space of the EChL
properly. In this Thesis, however, to present a first approach to the issue that is aimed to
be complemented in the future.
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The other example included in Fig. 45, where the parameters are set to a4 = 0.0004,
a5 = −0.0001 and again a = 0.9, displays the emergence of a vector resonance in
the IAM prediction for WZ → WZ (lower left panel) close to 2500 GeV, and a scalar
resonance close to 2800 GeV in the IAM prediction for WW → ZZ (lower right panel).
This resonant behaviour is only found in the predictions with the IAM but not in the
predictions with the other unitarization methods, as it was expected due to the special
IAM characteristics discussed previously.
In summary, regarding the IAM, the appearance of dynamically generated resonances
in the energy range of a few TeV occurs indeed for a continuum set of a4 and a5 values
of the order of O(10−3 − 10−4) and its properties, mass and width, also depend on
the other relevant parameters, particularly on a. These features of the IAM have been
studied extensively in the literature and are not the main focus of the present Chapter
which, as we have said, is mainly devoted to the non-resonant case. Thus, for the rest of
this work we will focus on the other unitarization methods which will produce instead
smooth distortions from the SM continuum. The resonant scenario will be studied in
depth in the forthcoming Chapters.
A significant point has to be made at this stage concerning the K-matrix cross sections,
since they are the ones we will use in the next section as a link to the experimental re-
sults. We have compared our estimates, obtained with the K-matrix procedure explained
in the pages above, with the ones provided by the Wizard group [108, 211]. In the
given references, the authors construct unitarized four point functions that can be in-
troduced in a Monte Carlo event generator. Their prescription is based in the T-matrix
unitarization method, that they implement in a similar way than us: replacing the unitar-
ity violating partial wave amplitudes of the total amplitude by their T-matrix unitarized
version1. This prescription is used, actually, by the ATLAS collaboration in order to con-
strain the EChL parameter space [195]. Nevertheless, their work is based on the ET, and
they unitarize all the helicity amplitudes using the ET calculation, valid only to describe
the longitudinally polarized gauge bosons at high energies. Thus, given this difference
between their method and ours, we consider pertinent to make some comments about
the discrepancies we have found.
Our predictions match those of the Wizard group for all the LL → LL amplitudes
we have considered, i.e., for all the studied energies and values of the chiral parameters.
However, there are some regions of the parameter space in which the cross sections of
the other helicity channels differ. In the case in which the purely longitudinal scattering
dominates at high energies, both procedures give rise to the same values for the cross
sections. If other helicity channels have important contributions to the total cross section,
we obtain different predictions. This can be the case if the values of a4 and a5 are very
small, of the order of, for instance, 10−4. The authors in [108, 211] themselves comment
on the limitations of their approach in this regime, so we are proposing here a way to
avoid these limitations.
In this subsection we have seen that different unitarization methods lead to very dif-
ferent predictions for the values of the cross section of the elastic WZ scattering. For this
reason one can expect that the translation of these results to the LHC scenario would
also show the different behaviours present at the subprocess level. Precisely because of
1 In the present case, their T-matrix unitarization is equivalent to our K-matrix unitarization, as we have
explicitly checked.
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this, the experimental measurements and constraints interpreted using one method or
another will be different, and this difference can be understood as a theoretical uncer-
tainty which is precisely the one that we want to quantify in this Chapter. Thus, in the
next subsection, we will present our results for the LHC, and we will give an estimate of
this uncertainty in the experimental determination of a4 and a5 due to the unitarization
scheme choice.
4.3 PARAMETER DETERMINATION UNCERTAINTIES AT THE LHC
DUE TO UNITARIZATION SCHEME CHOICE
In the previous subsection we learnt that the predictions for WZ scattering observables
computed in the EChL framework can be very different depending on the unitarization
method we apply to them. This was manifest at the subprocess level, but now we want
to study and quantify these deviations as they would be seen at the LHC.
In order to compute the total cross section at the LHC we have used the simple tool
provided by the Effective W Approximation [239, 240] and we have compared this ap-
proximate result with the full result from MG5 [234, 235]. The EWA, as we have already
said, is the translation to the massive EW gauge bosons case of the Weiszäcker- Williams
approximation for photons [241, 242], and has the advantages of having the intuitive
physical interpretation of the distribution of probability functions of the W and the Z as
the PDFs in the parton model, and of being very simple to implement computationally.
There are several studies in the literature that use the EWA to obtain reliable esti-
mates. However, not all of them employ the same probability functions. For this Thesis,
we have considered and compared four of these implementations of the EWA: 1) the
original EWA functions given in [239], selecting first the Leading Log Approximation
(LLA) formulas (eqs. 2.19 and 2.29 in [239]); and second 2) the improved ones which
go beyond the LLA by keeping O(M2V/E2) corrections, with MV the EW gauge boson
mass and E the energy of the initial quark (eqs. 2.18 and 2.28 in [239]); 3) the EWA
functions derived from [240]; and 4) the simplified functions of the beyond LLA given
in [108].
In principle, all should lead to similar results for the pp →WZ+X process, and they
do at high invariant masses of the final diboson system. Nevertheless, they differ quite a
lot at lower energies. It is worth mentioning that to compute the pp→WZ+X rates with
the EWA, one has to consider the contributions from two different subprocesses: the
intermediate state with a W and a Z radiated from the initial protons that then scatter,
and, in addition, the case in which a W and a photon are radiated and then scatter. The
latter is of great importance in the low energy region where it dominates indeed over the
other one. For the photon case we have used the well established probability function of
the Weiszäcker- Williams approximation [241, 242].
In order to select the most accurate probability function for the EW gauge boson case
among the ones available in the literature, we have compared the results of the above
four mentioned approaches to the full results for the complete process pp →WZ+X
obtained using MG5. Notice that for this comparison we have generated MG5 events of
the exclusive process pp→WZjj, which automatically contain all the topologies, i.e., the
VBS topologies and all the others contributing to the same order in perturbation theory.
Besides, in order to compare properly both results, the MG5 one and the EWA one, one
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Figure 46: Predictions of the differential unpolarized cross section of the process pp→WZ+X as a function
of the invariant mass of the final WZ computed with the EWA (eqs. 2.18 and 2.28 in [239]). SM values
(green) and EChL values for a4 = a5 = 0.01 (gray) are shown. The other chiral parameters are set to their
SM value. The MadGraph prediction of pp →WZjj events with |pTj | > 5 GeV is included as a solid line of
each corresponding color for reference. All predictions are computed applying the cuts in Eq. (118) and at√
s = 14 TeV.
has to set particular kinematical cuts on the final state particles. In particular, as it is
well known, in order to regularize the Coulomb singularity produced by the diagrams
with a photon interchanged in a t-channel, some minimal cuts have to be imposed on
the final particles. Concretely, for this quantitative comparison of the total cross sections
we give the following cuts on the transverse momentum and pseudorapidity of the final
gauge bosons V and jets j, and the angular separation among the jets:
|pTV | > 20 GeV; |ηV | < 2 ;
|pTj | > 5 GeV; |ηj| < 10 ; ∆Rjj > 0.1 , (118)
both in the EWA and MG5 for the cuts concerning the gauge bosons, and in MG5 events
only for the ones concerning the extra jets.
With these considerations in mind, we have compared quantitatively the predictions
of the pp →WZ+X processes in the SM and in the EChL for a4 = a5 = 0.01 within the
EWA for the four probability functions considered, against the MG5 computation of the
pp →WZjj events. From our numerical comparison we have reached the conclusion
that the original, improved probability functions given in [239] are the ones that better
match the MG5 prediction. The others overestimate the probability of radiating a EW
gauge boson at low fractions of momentum of the initial quarks, thus missing the correct
prediction of the cross section at low energies where most of events lie.
In Fig. 46, we display the results of the differential cross section distribution with
respect to the invariant mass of the final gauge bosons, computed in the SM (green) and
in the EChL (gray) for a4 = a5 = 0.01 using the EWA and employing these improved
probability functions. We also show the MG5 prediction for these same distributions
as solid, darker lines of each corresponding color, as well as the total cross sections
obtained with both procedures. Cuts in Eq. (118) have been required, if applicable, and
center of mass energy has been set to
√
s = 14 TeV, as it will be considered for the rest of
the Thesis. Regarding the comparison shown in this figure, it is manifest that the EWA
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works remarkably well, specially at high invariant masses. Not only the total MG5 cross
section is recovered within a factor 1.5 at the worst in the SM case and 1.15 in the EChL
case, but also the invariant mass distributions match considerably well.
Now that we have checked that our computations obtained with the EWA employing
the improved probability functions provide reliable predictions of pp →WZ+X observ-
ables, we move on to characterize the behaviour of the different unitarization methods
at the LHC. To that purpose, we have convoluted the subprocess cross sections of each
of the studied unitarization methods, corresponding to the different curves in Fig. 44,
with the EW gauge bosons probability functions and with the CT10 set of PDFs [290],
evaluated at Q2 = M2W .
The results are displayed in Fig. 47, where we present the invariant mass distribu-
tions of the differential cross section of the process pp→WZ+X computed with the EChL
for a4 = a5 = 0.01 (left) and a4 = −a5 = 0.01 (right) and unitarized with the diverse
procedures we have described in the previous section. The non-unitarized EChL and the
SM predictions are also shown, for comparison. The unitarity violation scale is marked
with a dashed line in each case. The final gauge bosons are required to have |ηV | < 2
and |pTV | > 20 GeV and the evaluation is performed at
√
s = 14 TeV.
From these curves we can see that the translation of the subprocess results to the
LHC is direct, and the conclusions regarding the diverse curves are very similar. The
different predictions among the various unitarization methods are still manifest, which
clearly indicates that the experimental constraints imposed on the EChL parameters will
strongly depend on the unitarization method used to analyze the data. Besides, the
same pattern of the predictions concerning the relative sign of the chiral parameters is
encountered: in the EChL and the K-matrix case, same sign a4 and a5 lead to larger
predictions than in the opposite sign case. For the Form Factor and the Kink, the reverse
setup is recovered. This still points towards the fact that same sign values of a4 and a5
will be more constrained in the EChL and the K-matrix case, opposite to the Form Factor
and the Kink case.
The IAM is not shown in these plots since, as we mentioned, it is more suitable for
the resonant case. Besides, as we have seen before, in the present non-resonant case,
for the chosen particular channel WZ → WZ, and with the simplified setup of just two
non-vanishing chiral coefficients, a4 and a5, the IAM predictions are very close to the
SM ones. Notice that it will not be the case if other channels were considered and other
chiral coefficients (in particular a) were also non-vanishing.
Regarding the Cut off, it is clear that integrating only up to the unitarity violation
scale to obtain the total cross section will lead to much smaller predictions than in
the rest of the cases. Finally, it is worth commenting that, as it should be, again all
predictions match the EChL one at low invariant masses.
We have now characterized the different predictions of the studied unitarization
methods at the LHC. The next step should be to translate these predictions into un-
certainties in the extracted constraints on the parameter space of the EChL. In order to
do that, we will base our approach upon the ATLAS results for
√
s = 8 TeV given in
ref. [195]. In the mentioned reference, a very sophisticated experimental analysis is per-
formed, specially regarding triggers, background estimations, and event selection. Then,
using the K-matrix (or T-matrix) unitarization prescription proposed in [108, 211] , the
95% C.L. exclusion regions in the [a4, a5] (called [α4, α5] in [195]) parameter space are
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Figure 47: Predictions of the differential cross section of the process pp→WZ+X as a function of the invari-
ant mass of the final WZ pair computed with different unitarization methods using the EWA. Predictions
of not-unitarized EChL (gray), K matrix unitarization (purple), Kink (yellow), Form Factor (FF, blue) and
the SM (green) are shown for two referencial values of the relevant chiral parameters a4 = a5 = 0.01 (left)
and a4 = −a5 = 0.01 (right). The other chiral parameters are set to their SM value. The unitarity violation
scale is also displayed for each case. Predictions are given for |ηV | < 2 and |pTV | > 20 GeV and at
√
s = 14
TeV.
obtained. It is beyond the scope of this work to reproduce accurately the experimental
analysis of the ATLAS searches. However, there is a consistent way in which we can use
their results to obtain the experimental constraints corresponding to other unitarization
methods apart from the K-matrix one.
Our approach is the following: first, we take the a4 and a5 values lying on the con-
tour of the WZ observed “elipse” provided by the ATLAS study, i.e., the solid, cyan line
shown in Fig. 42. With those values, we evaluate the total cross section following our
K-matrix unitarization procedure for the LHC case, that is, indeed, constant over the
mentioned contour. This should be equivalent to what ATLAS has performed, since we
have checked that for these values of the parameters our prescription matches the one
given by the Wizard group. The cross section that we obtain represents the equivalent
cross section in our framework to the one that ATLAS has measured experimentally. It
is, so to say, a translation between the experimental results and our naive results. Now,
what we do is to find the values of a4 and a5 that lead to the same cross section for
the other unitarization methods considered. In this way, we construct the 95% exclu-
sion regions in the [a4, a5] plane for the various unitarization schemes presented in the
previous subsection, to see how they differ in magnitude and shape. By applying this
procedure, we are assuming that the selection cuts required to be fulfilled by the ATLAS
search affect all our predictions equivalently. This could not be the case, but we expect
the differences to be small, so our prescription should be a good first approximation to
the issue. Furthermore, it is worth commenting that, regarding the backgrounds, since
they are the same to all of our signals, it is well justified to proceed in this way.
The 95% C.L. exclusion regions in the [a4, a5] plane for different unitarization scheme
choices, are presented in Fig. 48. There we show the corresponding limits for the case in
which no unitarization is performed at all (EChL, in gray), for the K-matrix unitarization,
matching, of course, the ATLAS results (purple), for the Form Factor prediction (blue)
and for the Kink (yellow). We also show the total exclusion region, obtained by the
overlap of the former ones.
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Figure 48: Predictions of the 95% confidence level exclusion regions in the [a4, a5] plane for the WZ final
state at the LHC with
√
s = 8 TeV, and for the not-unitarized EChL (gray) and the different unitarization
methods described in the text: K matrix (purple, corresponding to the solid cyan line in Fig. 42), Kink
(yellow) and Form Factor (FF, blue). The total overall exclusion region is the one outside the boundary
denoted with a dashed black line. The SM point is marked with a red cross. To obtain this figure we have
used the WZ results in Fig. 42 as reference.
Many interesting features can be extracted from this figure. First of all, and most
importantly, it is indeed very clear that using one unitarization method at a time to in-
terpret experimental data does not consider the full EFT picture. Since there are many
unitarization prescriptions that lead to very different constraints, one should take them
all into account in order to provide a reliable bound on the EFT parameters. These dif-
ferent constraints can vary even in an order of magnitude, as it is manifest in Fig. 48.
For instance, the Form Factor prescription leads to bounds on [a4, a5]2 of the order of
[0.8,0.4], roughly speaking, whereas the case in which there is no unitarization per-
formed leads to constraints of the order of [0.04,0.08]. Notice that these latter bounds,
i.e., those obtained from the raw, non-unitarized EChL, are not directly comparable to
those given in [254], since our results correspond to
√
s = 8 TeV and the ones reported
in the mentioned reference to
√
s = 13 TeV. We leave the precise computation of the 13
TeV results for a future work.
2 This is just a handy estimate, since the extraction of one-dimensional bounds from Fig. 48 cannot be done
directly without losing the statistical interpretation of the 95% C.L. regions.
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It is also obvious from this figure that the Kink method leads to more stringent con-
straints than the FF method (the corresponding pseudo-ellipse is smaller and oriented
similarly to the FF one). Also the K-matrix method leads to more stringent constraints
than the FF one and, in this case, with a different orientation of the pseudo-ellipse
(indeed, similar to the EChL one). Interestingly, for the present studied case of non-
resonant pp → WZ +X events, there is not just a difference in the magnitudes of the
bounds of the EChL parameters, but also in the role of each of them, a4 and a5. This
feature was already stated before, since in Fig. 47 we had already seen that points lying
in the region of the plane in which a4 and a5 have the same sign should be more con-
strained in the EChL and the K-matrix case, just in the opposite direction to the Form
Factor and the Kink case.
At this point, two further comments have to be made. The first concerns the IAM,
whose prediction is not present in this figure. It is due to the same argument we have
been commenting throughout the text, that can be summarized in the fact that, for our
particular setup (non-resonant case with deviation with respect to the SM coming only
from the two considered O(p4) operators) this method is not suitable to impose reliable
constraints on the EChL parameters. Nevertheless, the IAM can be extremely useful
when looking for new physics signals at the LHC in the resonant case, as we will see in
the next Chapters.
The second concerns the Cut off, also not present in the figure. Since this procedure
implies to sum events only up a to a determined invariant mass of the diboson system
to obtain the total cross section, a problem arises concerning the backgrounds. In our
approach, we are always integrating over the whole studied energy region, for all the
unitarization method predictions. This means that the background is considered to be
the same for all of our signals and we can use the translation from the ATLAS results
safely. However, if we now change the picture and integrate over a smaller invariant
mass region, such as in the Cut off procedure, we should take into account this same
integration over the background, and the pure translation form the ATLAS results fails,
since we don’t know the background scaling with energy. For this reason, we have not
included the Cut off prediction in our final results, but we really do believe that it should
be also considered in proper experimental searches.
In this Chapter, we have have concluded that the various unitarization methods con-
sidered provide very different predictions not only for at the subprocess level but also
for the total process at the LHC, that we have estimated making use of the EWA. We
have constructed, based on the ATLAS results for
√
s = 8 TeV given in [195], the 95%
exclusion regions in the [a4, a5] plane for the various unitarization schemes. The main
results are contained in Fig. 48, from which very interesting features can be extracted.
The most important of them is that it is indeed very clear that using one unitarization
method at a time to interpret experimental data does not consider the full effective the-
ory picture. Since there are many unitarization prescriptions that lead to very different
constraints, one should take them all into account in order to provide a reliable bound
on the EFT parameters. There is, therefore, a theoretical uncertainty present in the ex-
perimental determination of effective theory parameters due to the unitarization scheme
choice. A first approximation to this uncertainty has been quantified in the present work
analyzing the predictions of pp → WZ+X events at the LHC from the EChL in terms
of a4 and a5 and with different unitarization methods. We believe that it is important
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to take these uncertainties into account when relying upon experimental values of the
constraints of effective theory parameters, in order to consider the full effective theory
properties correctly.
Nevertheless, these conclusions correspond to the non-resonant scenario. We have
seen throughout several parts of this Thesis, that, however, the presence of resonant
states generated by the strong interaction of the EW Goldstone bosons will be a clear
signal of BSM physics in the EWSB sector. For this reason, in the next two Chapters,
we will study the production of a type of these resonances in various VBS channels,
estimating their LHC sensitivity.
5 VECTOR RESONANCE PRODUCTION IN WZ
SCATTERING AT THE LHC: A ECHL ANALYSIS
One of the most likely indications of the existence of physics beyond the standard model
could be the appearance of resonances in the scattering of longitudinally polarized W
and Z electroweak gauge bosons. This would be a formidable hint of the existence of
new interactions involving the EWSB sector of the SM. This possibility is indeed con-
templated in all composite Higgs scenarios, characterized by the existence of a scale
f  v = 246 GeV where some new strong interactions trigger the dynamical breaking
of a global symmetry group G to a certain subgroup H. The Goldstone bosons that
appear provide the longitudinal degrees of freedom of the weak gauge bosons, while
the Higgs boson would be one of the leftover Goldstone bosons, as we have explained
in previous Chapters. A non-zero mass for the latter is often provided by electroweak
radiative corrections, e.g., via some misalignment mechanism between the gauge group
and the global unbroken subgroup [178].
The use of the EChL for the study of this strong dynamics suggests that the scale
associated to these resonances is related to the parameter with dimension of energy con-
trolling the perturbative expansion within this chiral effective field theory, given typically,
in the minimal scenario that we work with, by 4piv. Therefore, one expects resonances
to appear with masses typically of a few TeV, clearly in the range covered at the LHC. The
theoretical framework for the description of such resonances is, however, not universal
and one has to rely on a particular approach. Once one chooses, as we do, the approach
provided by the EChL, there are basically two main paths to proceed. Either the reso-
nances are introduced explicitly at the Lagrangian level or they are instead dynamically
generated from the EChL itself. Notice that, in the former case, the new terms added
to the EChL are required to share the EChL symmetries. The first approach has been
followed in several works [172, 173, 291–293] essentially along the lines of previous
works within the context of low energy QCD [294]. This type of chiral resonances have
also been studied at the LHC [108].
The second approach has been followed in a number of works that use the inverse am-
plitude method to impose the unitarity of the amplitudes predicted with the EChL [90–
92, 94, 95, 98, 111–113, 116]. Within this approach, the self-interactions of the longitu-
dinal EW bosons, which are assumed to be strong, are the responsible of the dynamical
generation of the resonances, and these are expected to show up in the scattering of
the longitudinal modes, WL and ZL, as we just saw briefly in the previous Chapter. The
IAM was indeed used long ago in the context of a strongly interacting EWSB sector but
without the Higgs particle, and the production of these IAM resonances at the LHC was
also addressed [83, 84, 295]. The advantage of this second approach is that it provides
unitary amplitudes, which are absolutely needed for a realistic analysis at the LHC, and
it predicts the properties of the resonances, masses, widths and couplings, in terms of
the chiral parameters of the EChL. The disadvantage of this method is that it does not
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deal with full amplitudes but with partial waves, which are not very convenient for a
Monte Carlo analysis at the LHC.
The present Chapter addresses the question of whether these IAM dynamically gen-
erated resonances of the EWSB sector could be visible at the LHC by means of the study
of VBS observables. VBS is the most relevant channel to explore at the LHC if the lon-
gitudinal gauge modes are really strongly interacting, since they involve the four point
self-interactions of the EW gauge bosons, as we have seen. Moreover, the resonances
should emerge more clearly in VBS processes as they are generated from this strong
dynamics. Our study aims to quantify the visibility of these resonances and also to de-
termine the integrated luminosities that would be required to this end.
More concretely, our purpose here is to estimate the event rates at the LHC of the
production of a SU(2)L+R triplet vector resonance, V, via WZ → WZ scattering, and
the subsequent decays of the final W and Z. We have selected this particular subprocess
because it has several appealing features in comparison with other VBS channels. In the
presence of such dynamical vector resonances, these emerge/resonate (in particular, the
charged V±ones) in the s-channel of WZ → WZ, whereas in other subprocesses like
W+W+ → W+W+, W+W− → ZZ, ZZ → W+W− and ZZ → ZZ do not. Other in-
teresting cases like W+W− → W+W− where the neutral resonance, V0, could similarly
emerge in the s-channel have, however, severe backgrounds. For this reason it is known
to be very difficult to disentangle the signal from the SM irreducible background at the
LHC. In particular, the SM one-loop gluon initiated subprocess, gg→W+W−, turns out
to be a very important background in this case due to the huge gluon density in the pro-
ton at the LHC energies. Our selected process WZ → WZ, in contrast, does not suffer
from this background, and therefore it provides one of the cleanest windows to look for
these vector resonances at the LHC. This is mainly the reason why we have chosen this
particular channel throughout the whole Thesis as our illustrative example of the VBS
configurations.
We work with EW gauge bosons in the external legs of the VBS amplitudes and not
with Goldstone bosons. This means that we go beyond the simpler predictions provided
by the equivalence theorem (ET) [160–163]. Furthermore, in order to introduce in
a Lagrangian language the resonances that are dynamically generated by the IAM we
shall construct an effective Lagrangian including vector resonances, based on the Proca
4-vector formalism [172, 173, 291–293]. This effective Lagrangian includes the proper
resonance couplings to the W and Z and has the symmetries of the EChL, in particular
the EW Chiral symmetry.
With this Lagrangian we will mimic the resonant behaviour of the IAM amplitudes,
having the resonance masses and widths as predicted by the IAM. Indeed, we will make
use of this vector Lagrangian to extract the Lorentz structure of the WZ scattering vertex
to be coded in the MonteCarlo. The coupling itself will turn out to be a momentum-
dependent function that will be derived from the IAM unitarization process in the I J =
11 channel. This IAM-MC model presented here is proper for a MonteCarlo analysis and
it is included in MadGraph5 [234] for this work. The corresponding UFO file for the
present IAM-MC model can be provided on demand. We would like to emphasize that
our IAM-MC model provides full A(WZ → WZ) amplitudes with massive external EW
gauge bosons. The corresponding cross section σ(WZ → WZ) is computed from these
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full amplitudes and not from the first partial waves that do not provide a sufficiently
accurate result, as we have seen in previous Chapters.
Finally, a careful study of the signal versus backgrounds for the full process pp →
WZjj, leading to events with two jets plus one W+ and one Z will be performed. We will
first discuss on the potential of the hadronic and semileptonic channels of the final WZ.
Then we will explore the cleanest channels leading to events with two jets and the three
leptons and missing energy which come from the leptonic decays of the final W+ and Z,
which will allow us to extract the emergent vector resonances from the SM background
in this kind of ` ¯``νjj events at the LHC.
5.1 SELECTION OF SCENARIOS WITH VECTOR RESONANCES IN
WZ SCATTERING
In this section we present the specific EChL scenarios that will be explored in our forth-
coming study at the LHC, having dynamical vector resonances V emerging in WZ scat-
tering. First we show the results of the cross-sections for WZ → WZ from the EChL,
which are compared with the SM predictions. Then we unitarize these EChL results, and
finally, within these unitarized results, we select the scenarios with emergent vector res-
onances V. This should be complementary to the studies performed on the WZ → WZ
in previous part of this Thesis.
We know by means of the ET [160–163], which applies to renormalizable gauges
and is valid also for the EChL [296–299] as we have seen, that the scattering amplitude
for this subprocess WLZL → WLZL can be approximated, at large energies compared
to the gauge boson masses, by the scattering amplitude of the corresponding would-be
Goldstone bosons,
A(WLZL →WLZL) ' A(wz→ wz) . (119)
Since the relevant EW chiral coefficients in the amplitude A(wz → wz) (i.e., those that
remain even switching off the gauge interactions, g = g′ = 0), are just a, b, a4 and
a5, we conclude again that for our purpose of describing the most relevant departures
from the SM in A(WLZL → WLZL) it will be sufficient to work with just this subset of
EChL parameters. We include now a and b since, although they did not play a relevant
role in the context of non-resonant scenarios, in the case in which a resonance emerges
in the spectrum some of its most relevant properties will be driven directly by these
coefficients.
Nevertheless, as we have said, in the present work we deal with massive gauge
bosons in the external legs of the VBS amplitudes and not with their corresponding
Goldstone bosons. The various contributing terms from the EChL to the EW gauge boson
scattering amplitude of our interest are the following:
A(WLZL →WLZL)EChL = A(0)(WLZL →WLZL) + A(1)(WLZL →WLZL) , (120)
where the leading order (LO), O(p2), and next to leading order contributions (NLO),
O(p4), are denoted as A(2) and A(4) respectively, and are given by:
A(2)(WLZL →WLZL) = AEChL
(2)
tree ,
A(4)(WLZL →WLZL) = AEChL
(4)
tree + AEChL
(2)
loop . (121)
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Figure 49: Predictions of the cross section σ(WLZL → WLZL) as a function of the center of mass energy√
s from the EChL. The predictions at leading order, EChL(2)tree, and next to leading order, EChL
(2+4)
loop , are
displayed separately. The EChL coefficients are set here to a = 0.9, b = a2, a4 = 9.5× 10−4 and a5 =
−6.5× 10−4. Here the integration is done in the whole | cos θ| ≤ 1 interval of the centre of mass scattering
angle θ. The prediction of the SM cross section is also included, for comparison. All predictions have been
obtained using FormCalc and our private Mathematica code and checked with MadGraph5.
For completeness, in the Appendices A and B the necessary Feynman rules for the
tree level computation,
A(WLZL →WLZL)EChL
(2+4)
tree = AEChL
(2)
tree + AEChL
(4)
tree . (122)
are presented. It should be noticed that, to our knowledge, a full one-loop EChL com-
putation is not available in the literature for this process, i.e., the full analytical result
of AEChL
(2)
loop is unknown. However, we will use an approximation to estimate the size of
this one-loop contribution, following [90, 94, 95]. Concretely, the real part of the loop
diagrams is computed using the ET (but keeping mH 6= 0) and the imaginary part of
the loops is calculated exactly through the tree-level result by making use of the optical
theorem. In the following, we will refer to this NLO computation, EChL(2+4)loop , as quasi
exact one-loop EChL result.
We have chosen one example to illustrate numerically and graphically the energy
behavior of the EChL cross section and the comparison with the SM prediction. This
is displayed in Fig. 49, where the chiral parameters have been set to a = 0.9, b = a2,
a4 = 9.5× 10−4 and a5 = −6.5× 10−4. We have taken a4 and a5 values of the order
of 10−4 because this is the overall order of magnitude that will provide resonances with
masses of few TeV in the context of the IAM unitarization prescription.
At this stage, it is also interesting to comment on the accuracy of our assumption of
neglecting other loop contributions in our computation of WZ scattering. In particular,
as we have said, we are ignoring in this work the contributions from fermions. Since
the fermions would only contribute via loops to this WZ scattering process, and since
the dominant contributions would come from the third generation-quark loops, we have
performed an estimate of the size of these loop contributions to be sure that they are
indeed negligible. For this estimate we have assumed that all the fermion interactions
are the same as in the SM and we have used the analytical results of [? ] which are
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provided for the SM within the ET. Our numerical estimate of the heavy fermion loops
indicates that for the high energies of our interest here, say between 1 and 3 TeV, the
contributions from the top loops to σ(wz → wz) decrease with √s, in contrast to the
contributions from the EChL loops which increase with energy. Furthermore, they are
indeed very small, between 10−1 pb and 10−2 pb. These are more than three orders
of magnitude below the prediction of σ(WLZL → WLZL) from the EChL (specifically,
from our quasi exact prediction EChL(2+4)loop in Fig. 49). Therefore we conclude that our
assumption in this work of ignoring the fermion loops is well justified.
The previously studied violation of unitarity of the EChL scattering amplitudes leads
to our major concern in this work: the need of an unitarization method in order to pro-
vide realistic predictions at the LHC. We choose here one of the most used unitarization
methods for the partial waves, the IAM, since it has the advantage over other methods
of being able to generate dynamically the vector resonances that we are interested in.
Other unitarization procedures such as N/D and the improved K-matrix (IK) were
also studied and compared with the IAM in the present context in detail in Ref. [228].
In this reference the IAM, N/D and the IK unitarization methods are implemented in
a particular way compatible with the electroweak chiral expansion. All of these three
methods turn out to be acceptable, since they produce partial waves which are: IR and
UV finite, renormalization scale µ independent, elastically unitary, have the proper ana-
lytical structure (they feature a right and a left cut) and they reproduce the expected low
energy results of the EChL up to the one-loop level. Thus the three methods can provide
an UV completion of the low-energy chiral amplitudes. Moreover, for some region of the
chiral couplings parameter space, they can have a pole in the second Riemann sheet with
similar properties. These poles have a natural interpretation as dynamically generated
resonances with the quantum numbers of the corresponding channel.
By comparing the three methods for different values of the chiral couplings it is
possible to realize that all of them normally produce the same qualitative results and, in
many cases, the agreement is also quantitative up to high energies. This is particularly
true for the I = J = 0 channel. However, as it is explained in detail in Ref. [228], the
N/D and the IK method cannot be applied to the I = J = 1 channel considered in this
work in the particular case of b = a2, since it leads to contributions from the left and right
cuts which cannot be separated in a µ-invariant way, as required by these two methods.
Because of this reason, and due to the fact that the other methods considered in this
Thesis (Cut off, Form Factor, Kink and K-matrix) do not accommodate the presence of
resonances, in the following we will use only the IAM method.
Contrary to the perturbative expansion of the EChL, the IAM amplitudes fulfil all
the analyticity and elastic unitarity requirements. In addition, aIAMI J may or may not
exhibit a pole as discussed before. If present, it can be interpreted as a dynamically
generated resonance. In that case we use here the usual convention for the position of
the pole in terms of the mass, MR, and width, ΓR, of the corresponding resonance R:
spole = (MR − i2ΓR)2.
The solution to the position of the pole in the case of aIAM11 is very simple if the
ET is used, and gives simple predictions for the mass and the width of the dinamicaly
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Figure 50: Predictions for masses (left panel) and widths (right panel) of vector resonances as a function
of a and the combination (a4 − 2a5) in the EChL+IAM. Our fifteen selected scenarios lay approximately
over the contour lines of fixed MV , 1500 GeV (circles), 2000 GeV (squares), and 2500 GeV (triangles), and
have values for a fixed, respectively, to 0.9 (biggest symbols, corresponding to BP1’, BP2’ and BP3’), 0.925,
0.95, 0.975 and 1 (smallest symbols, corresponding to BP1, BP2, and BP3). All studied cases with vector
resonances are such that no corresponding scalar or tensor resonances appear. The stripped area denotes
the region with resonances heavier than 3000 GeV.
generated vector resonances in terms of the EChL parameters, a, b, a4 and a5, given
by [91, 92]:
(M2V)ET =
1152pi2v2(1− a2)
8(1− a2)2 − 75(a2 − b)2 + 4608pi2(a4(µ)− 2a5(µ)) , (123)
(ΓV)ET =
(1− a2)
96piv2
M3V
[
1+
(a2 − b)2
32pi2v2(1− a2)M
2
V
]−1
, (124)
with a4(µ) and a5(µ) the scale dependent parameters whose running equations for ar-
bitrary a and b can be found in Eq. (48) complemented with Table 1 . These solutions
apply to narrow resonances, i.e., for ΓV  MV , which is indeed our case. It should be
noticed that, as it is well known, the case with a = 1 cannot be treated in the IAM within
the ET framework. This will not be the case in our quasi-exact predictions, as we will
see in the following.
The solution to the position of the aIAM11 pole in the quasi-exact case with mW,Z 6= 0
is more involved [90, 94, 95], but it basically shares the main qualitative features of the
previous ET results. First, the main contribution from the parameters a4 and a5 appears
also in the particular combination (a4 − 2a5) which is µ-scale independent if b = a2. We
have checked explicitly that other contributions from a4 and a5 vanish in the isospin limit
where mW = mZ.
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BP MV(GeV) ΓV(GeV) gV(M2V) a a4 · 104 a5 · 104
BP1 1476 14 0.033 1 3.5 −3
BP2 2039 21 0.018 1 1 −1
BP3 2472 27 0.013 1 0.5 −0.5
BP1’ 1479 42 0.058 0.9 9.5 −6.5
BP2’ 1980 97 0.042 0.9 5.5 −2.5
BP3’ 2480 183 0.033 0.9 4 −1
Table 10: Selected benchmark points (BP) of dynamically generated vector resonances. The mass, MV ,
width, ΓV , coupling to gauge bosons, gV(MV), and relevant chiral parameters, a, a4 and a5 are given for
each of them. b is fixed to b = a2. This table is generated using the FORTRAN code that implements the
EChL+IAM framework, borrowed from the authors in Refs. [90, 94, 95]. The effective coupling gV(M2V) is
defined in section 5.2.
Second, the main dependence with a also comes in the combination (1− a2), and the
main dependence with b also appears as (a2− b)2. All these generic features can also be
seen in our numerical results, displayed in Fig. 50, which we have generated with the
FORTRAN code that implements the quasi-exact EChL+IAM framework, borrowed from
the authors in Refs. [90, 94, 95].
The plots in Fig. 50 show the contour lines of fixed MV and ΓV in the [(a4 − 2a5), a]
EChL parameter space plane. The particular contour lines with MV = 1500, 2000, 2500
GeV are highlighted since they will be chosen as our reference mass values in our next
study at the LHC framework. This figure assumes b = a2, but we have checked explicitly
that other choices for the b parameter with b 6= a2 do not change appreciably these
results. In fact, the contour lines of MV and ΓV in the [(a4 − 2a5), b] plane with a fixed
in the interval a ∈ (0.9, 1) (not included here), do not show any appreciable dependence
with b if this parameter is varied in the interval b ∈ (0.8, 1). The distortions due to
b 6= a2 are clearly subleading in comparison to the leading effects from (1− a2) and
(a4 − 2a5), as explicitly shown in the ET formulas of Eq. (124), and will be neglected
from now on. The main reason of this secondary role of b, versus a, a4 and a5 is that in
the a11 amplitude b enters only via loops, whereas a, a4 and a5 enter already at the tree
level. Therefore our selection of scenarios will be done in terms of a, a4 and a5, and b
will be fixed to b = a2, for simplicity. This choice of b = a2 is also motivated in several
theoretical models [189, 190, 300].
In Table 10 we present a number of selected benchmark points (BP): specific sets
of values for the relevant parameters a, a4 and a5 that lead to dynamically generated
vector resonances emerging in the I J = 11 channel with masses around 1.5, 2 and 2.5
TeV. We also require that resonances in the I J = 00 (isoscalar) and I J = 20 (isotensor)
channels are not present in the spectrum, since we do not consider them in this work.
These particular mass values for the vector resonances, belonging to the interval (1000,
3000) GeV have been chosen on purpose as illustrative examples of the a priori expected
reachable masses at the LHC. In the following sections we will use these benchmark
points to predict the visibility of vector resonances that may exist in the I J = 11 channel,
and therefore resonate in the process WZ → WZ at the LHC. For the I J = 00 channel
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there are recent alternative studies of the IAM scalar resonances and their production at
the LHC, see for instance [116].
The selected points in Table 10 are also included in our previous contour plots in
Fig. 50. They are placed at the upper and lower horizontal axes in these plots, and are
chosen on purpose at the two boundary values of the a parameter: 1) a = 1 for BP1,
BP2 and BP3 and 2) a = 0.9 for BP1’, BP2’ and BP3’. These will be our main reference
scenarios to which we will devote most of our LHC analysis. However, in order to provide
a complementary study of the sensitivity to the a parameter we have also defined a family
of additional scenarios belonging to these contour lines of fixed MV = 1500, 2000 and
2500 GeV, respectively, but with different values of a in the interval (0.9, 1). These BP
points are specified by circles, squares and triangles in Fig. 50 and will also be discussed
in the final section.
5.2 DEALING WITH IAM VECTOR RESONANCES IN WZ SCATTER-
ING: THE IAM-MC
In order to study how the vector resonances that are predicted in the IAM could be
seen at the LHC with a Monte Carlo analysis, we need first to establish a diagrammatic
procedure for WZ → WZ scattering to implement the basic ingredients of these IAM
resonances in a Lagrangian framework. The use of Monte Carlo event generators like
MadGraph requires the model ingredients to be implemented in a Lagrangian language,
which means in our case that we have to specify the interactions of the emergent vector
resonances with the gauge bosons (and Goldstone bosons). Thus, instead of implement-
ing the A(WLZL → WLZL) scattering amplitude in terms of the predicted IAM partial
waves, we simulate this scattering amplitude with a simple model that contains the ba-
sic ingredients of the emergent vector resonances. Namely, the mass, the width and the
proper couplings to the gauge bosons W and Z. The simplest Lagrangian to include
these vector resonances, V, that shares the chiral and gauge symmetries of the EChL is
provided in Refs. [292–294, 301]. In the Proca 4-vector formalism, the corresponding
P-even Lagrangian is given by:
LV =− 14Tr(VˆµνVˆ
µν) +
1
2
M2VTr(VˆµVˆ
µ) +
fV
2
√
2
Tr(Vˆµν f
µν
+ )
+
igV
2
√
2
Tr(Vˆµν [uµ, uν]) , (125)
which includes the isotriplet vector resonances, V± and V0, via the Vˆµ field as well as
their mass MV , and couplings, fV and gV , and where [172, 173, 291]:
uµ = i u
(
DµU
)†
u, with u2 = U (126)
f µν+ = −
(
u†Wˆµνu+ uBˆµνu†
)
, (127)
∇µX = ∂µX + [Γµ,X ], with Γµ = 12
(
ΓLµ + Γ
R
µ
)
, (128)
ΓLµ = u
†
(
∂µ + i
g
2
~τ~Wµ
)
u , ΓRµ = u
(
∂µ + i
g′
2
τ3Bµ
)
u† , (129)
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with the resonance fields are introduced as follows:
Vˆµ =
τaVaµ√
2
=

V0µ√
2
V+µ
V−µ −
V0µ√
2
 , (130)
Vˆµν = ∇µVˆν −∇νVˆµ . (131)
In the unitary gauge (convenient for tree-level collider analyses) we have u = U = 1,
and one finds a simpler result. In particular, after rotating to the mass eigenstate basis,
where the mixing terms between the V’s and the gauge bosons (introduced by fV 6= 0)
are removed, and after bringing the kinetic and mass terms into the canonical form, we
find:
LV = −14
(
2V+µνV
−µν +V0µνflV0µν
)
+
1
2
M2V
(
2V+µ V
−µ +V0µV0µ
)
− i fV
v2
[
m2WV
0
ν (W
+
µ W
− µν −W−µ W+ µν) +mWmZV+ν (W−µ Zµν − ZµW− µν)
+mWmZV−ν (ZµW+ µν −W+µ Zµν)
]
+
i2gV
v2
[
m2WV
0 µνW+µ W
−
ν +mW mZ V
+ µνW−µ Zν +mW mZ V− µνZµW+ν
]
, (132)
where we have used the short-hand notation Vaµν = ∂µVaν − ∂νVaµ (for a = ±, 0), Waµν =
∂µWaν − ∂νWaµ (for a = ±), and Zµν = ∂µZν − ∂νZµ.
It should be noticed that in the previous Lagrangian of Eq. (132) there are not in-
teraction terms between the vector resonances and two neutral gauge bosons, VZZ, (as
there are not either Vzz interactions in Eq. (125) of V with two neutral Goldstones) and
this explains why the vector resonances cannot emerge in the s-channel of WW → ZZ
nor ZZ → ZZ1. This is a clear consequence of exact custodial invariance and it also
confirms that W±Z → W±Z are the proper channels to look for emergent signals from
the charged vector resonances V±. The relevant set of Feynman rules extracted from the
above Lagrangian in Eq. (132) are collected in Appendix C, for completeness.
Since we are mostly interested here in the deviations with respect to the SM pre-
dictions in the case of the longitudinal modes, we will mainly focus on their scattering
amplitudes. Therefore, from now on we will simplify our study by setting fV = 0. This
is well justified since this fV predominantly affects the couplings of the resonances to
transverse gauge bosons and, in consequence, gV is the most relevant coupling to the
longitudinal modes. Some additional comments on the behavior of the scattering ampli-
tudes for the other modes will be made at the end of this section.
Our aim here is to use the Lagrangian LV in Eq. (132) as a practical tool to mimic
the main features of the vector resonances found with the IAM. Specifically, we wish to
introduce all these features by means of a tree level computation of A(WZ →WZ) with
Lmodel = L2 +LV . This leads us to the issue of relating gV , MV and ΓV to the properties
of the IAM vector resonances found from a11IAM.
1 Notice that scalar resonances could resonate in these channels, but we do not considered them here.
138 V E C T O R R E S O N A N C E P R O D U C T I O N I N V B S AT T H E L H C : A E C H L A N A LY S I S
IAM
IAM-MC
EChLtreeH2L +LV
MV = 1479 GeV
GV = 42 GeV
gVHMVL= 0.058
a = 0.9
a4 = 9.5× 10-4
a5 = -6.5× 10-4
500 1000 1500 2000 2500 3000
0
0.2
0.4
0.6
0.8
1
s HGeVL
a
11
Figure 51: Prediction of the |a11| partial wave as a function of the center of mass energy √s in the three
models explained in the text: IAM (green), IAM-MC (orange) and L2 +LV with constant gV (purple). The
values of the parameters are those of BP1’ in Table 10.
On one hand, the mass and the width are obviously related to the position of the
pole, spole = (MV − i2ΓV)2, of a11IAM(s). On the other hand, the coupling gV should also
be related to the properties of a11IAM(s) in the resonant region. For instance, one could
extract a value of gV by identifying the residues of a11model(s) and a
11
IAM(s) at spole. If, for
simplicity, we had used the ET version of the relevant amplitudes, this would have led
to the simple relation g2V = 2(a4 − 2a5). Alternatively, one could follow the approach of
[292, 293] where close to the resonance mass shell, they find Lmodel to be equivalent to
a more general Lagrangian2 in which the on-shell vector coupling gV is related to the
O(p4) low-energy chiral parameters in the form a4 = −a5 = g2V/4.
However, this Lagrangian L2 + LV leads to problems if a constant gV is assumed.
Even though it gives a reasonable estimate of the partial wave at s ∼ M2V , it does not
work satisfactorily away from the resonance region. Indeed, it yields to a bad high
energy behavior for s > M2V: the subsequent partial wave a
11(s) grows too fast with
energy and crosses the unitary bound at energies of a few TeV. This unwanted violation
of unitarity happens, indeed, for any choice of the constant gV in the Lagrangian L2 +
LV .
We depict this failure in Fig. 51 for one particular example with a = 0.9, a4 =
9.5× 10−4 and a5 = −6.5× 10−4 that produces a IAM vector pole at MV = 1479 GeV
with ΓV = 42 GeV, and where we have assumed a constant value of gV = 0.058. In this
case we have found that the crossing over the unitarity bound occurs at around 3 TeV.
From this study, we conclude then that the a11(s) resulting from L2 + LV with constant
gV does not simulate correctly the behaviour of a11IAM, which is by construction unitary
and therefore we will not take gV as a constant coupling.
We will define in the following the specific model that we choose to mimic with a
chiral Lagrangian the IAM amplitude, which is referred in Fig. 51 as IAM-MC. This will
obviously lead us to consider again L2 + LV but with a momentum dependent gV .
2 The Lagrangian in Refs. [292, 293] considers the antisymmetric tensor representation for the spin–1 reso-
nances, which is fully equivalent to the Proca four-vector representation provided appropriate non-resonant
operators are added to the Lagrangian.
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Figure 52: Predictions of gV(M2V) as a function of a and (a4 − 2a5) computed from Eq.(134), as discussed
in the text. The benchmark points specified with geometric symbols correspond respectively to those in
Fig. 50.
We work with the Lagrangian L2 + LV , first introduced in the EW interaction ba-
sis in Eqs (46) and (125), to mimic the IAM amplitude of WZ scattering but with an
energy dependent coupling gV(s) (remember that we are setting fV = 0 in all our nu-
merical estimates), which leads to unitary results in the way that will be described in
this subsection.
Firstly, our A(WLZL → WLZL) amplitudes have by construction the resonant behav-
ior of the IAM amplitudes at spole = (MV − i2ΓV)2, as commented above. Secondly,
it is illustrative to notice that the effective coupling gV(s) is in fact related to a form
factor, as can be seen for instance using a current algebra language. Concretely, the
matrix element of a vector current between two longitudinal W bosons and the vacuum
is described by an energy dependent form factor GV(s) given by [98]:
〈W iL(k1)W jL(k2)|Jkµ|0〉 = (k1 − k2)µGV(s)eijk, (133)
where Jkµ is the interpolating vector current with isospin index k that creates a reso-
nance V. This form factor GV(s) can be easily related to gV(s) at s = M2V by GV(M
2
V) =√
2M2VgV(M
2
V)/v
2. In practice, gV(M2V) is determined by the matching procedure de-
scribed next.
In order to build our resonant A(WLZL → WLZL) amplitudes we use the following
prescription. First, we impose the matching at the partial waves level. Concretely, it is
performed by identifying the tree level predictions from L2 + LV with the predictions
from the IAM at MV , i.e:∣∣∣a11
EChL(2)tree+LV
(s = M2V)
∣∣∣ = ∣∣∣a11IAM(s = M2V)∣∣∣ , (134)
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where a11
EChL(2)tree+LV
is the partial wave amplitude computed from L2 + LV .
Solving (numerically) this Eq. (134) for the given values of (a, a4, a5) and the cor-
responding values of (MV , ΓV) leads to the wanted solution for gV = gV(M2V). For
instance, in the previous example of a = 0.9, a4 = 9.5× 10−4 and a5 = −6.5× 10−4
(our benchmark point BP1’ in Table 10) with corresponding MV = 1479 GeV and
ΓV = 42 GeV, we found gV(M2V) = 0.058. For the other selected benchmark points
the corresponding values found for gV(M2V) are collected in Table 10 and in Fig. 52.
Interestingly, these numerical results in Fig. 52 for gV(M2V) show a clear correlation
with the previously predicted MV and ΓV values in Fig. 50, which fulfill approximately:
ΓV ' M5Vg2V/(48piv4), as naively expected from the Proca Lagrangian for fV = 0.
One may notice at this point that the computation of the IAM partial waves has been
done with electroweak gauge bosons in the external legs and not with Goldstone bosons.
The ET has only been used to compute the real part of the loops involved, as explained
before in the previous section.
Away from the resonance we consider an energy dependence in gV(s) with the fol-
lowing requirements:
i) Below the resonance, at low energies, one should find compatibility with the re-
sult from EChL(2+4)loop , which implies that the predictions from LV should match
those from L4 at these energies. This is what happens indeed to a11IAM below the
resonance, by construction.
ii) Above the resonance, at large energies, we require the cross section not to grow
faster than the Froissart bound [215], which can be written as:
σ(s) ≤ σ0 log2
(
s
s0
)
, (135)
with σ0 and s0 being energy independent quantities. Notice that this definition
is equivalent to the one presented in Eq. (69). When using this bound we are
implicitly assuming that there are no other resonances (in addition to V) emerging
in the spectrum, at least until very high energies.
We have found that these requirements above are well approximated by setting the
following simple function:
g2V(s) = g
2
V(M
2
V)
M2V
s
for s < M2V ,
g2V(s) = g
2
V(M
2
V)
M4V
s2
for s > M2V . (136)
This gV(s) coupling should be used when V is propagating in the s-channel. In the other
channels where the resonance could also propagate, t and/or u channels, the coupling
should be the same described in Eq. (136) in terms of the corresponding t or u variables
to be fully crossing symmetric. Nevertheless, we have checked that a completely crossing
symmetric energy-dependent coupling, given by g2V(z) = θ(M
2
V − z)g2V(M2V)M
2
V
z + θ(z−
M2V)g
2
V(M
2
V)
M4V
z2 , leads to a moderate violation of the Froissart bound in Eq. (135) at
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energies in the TeV range. To avoid this violation of unitarity, we propose the following
expression for the coupling in terms of the t and u variables:
g2V(z) = g
2
V(M
2
V)
M2V
z
for s < M2V ,
g2V(z) = g
2
V(M
2
V)
M4V
z2
for s > M2V , (137)
with z = t, u corresponding to the t, u channels, respectively, in which the resonance is
propagating.
The accuracy of the result with this choice of energy dependent coupling in compar-
ison with the previous constant coupling can be seen in Fig. 51. It is clear from this
figure that the result for a11 using this energy dependent coupling simulates much better
the IAM result than that with a constant gV , and it also provides a good low and high
energy behaviors. It is worth commenting that we have tried other choices for the depen-
dence with energy of this gV(s) coupling, but none of these alternative tries has passed
all the above required conditions. We have also checked explicitly that our hypothesis
in Eqs. (136)-(137) leads to a high-energy behavior of the cross section that is always
below and close to the saturation of this Froissart bound.
The above described method, which will be called from now on IAM-MC (named
after IAM for MonteCarlo), is the one we choose to simulate the IAM with a Lagrangian
formalism. We find that it is the most appropriate one for the forthcoming MonteCarlo
analysis with MadGraph5 of LHC generated events.
In summary, we follow the subsequent steps to get A(WLZL → WLZL)IAM−MC for
each of the given (a, a4, a5) input values:
1) Compute the amplitude from the tree level diagrams with the Feynman rules from
L2 + LV . This gives a result in terms of a, MV , gV and ΓV .
2) For the given values of (a, a4, a5), then set MV and ΓV to the corresponding values
found from the poles of a11IAM.
3) Extract the value of gV(M2V) by solving numerically Eq. (134).
4) Substitute gV by gV(s) in the s-channel and by gV(u) in the u-channel (for the
process of study, WZ → WZ, the charged vector resonance only propagates in
these two channels) and use Eqs. (136)-(137).
5) Above the resonance we assume that the deviations with respect to the SM come
dominantly from LV , which means in practice that the proper Lagrangian for the
computation of the IAM simulated amplitude is LSM + LV rather than L2 + LV .
This is obviously equivalent to use L2 + LV with a = 1 at energies above the
resonance.
We present in Fig. 53 our predictions of the partial waves a11IAM−MC for all the selected
benchmark points of Table 10. We have also included in these plots the corresponding
predictions from the IAM and from the EChL, at both LO and NLO, for comparison. In
these plots we clearly see the accuracy of our IAM-MC model in simulating the behaviour
of the IAM amplitudes. This happens not only at the region surrounding the resonance,
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Figure 53: Predictions of the |a11| partial waves as a function of the center of mass energy √s for all the
selected benchmark points in Table 10. Different lines correspond to the different models considered in
the text: EChL unitarized with the IAM (green), our IAM-MC model (orange), non-unitarized EChL up to
O(p2) (dark blue) and non-unitarized EChL up to O(p4) including loop contributions (light blue).
where it is clearly very good, but also below and above the resonance, inside the dis-
played energy interval of
√
s ∈ (200, 3000) GeV.
For the numerical computation that is relevant for the forthcoming study of the LHC
events we will not use the decomposition in partial waves, but the complete amplitude
instead. This is an important point, since a description of σ(WLZL → WLZL) in terms
of only the lowest partial waves would not give a realistic result for energies away from
the resonant region, a we have seen already in Chapter 2. Therefore, before starting
the analysis of the LHC events, it is convenient to learn first about the predictions of the
cross section at the WZ →WZ subprocess level.
We present in Fig. 54 our numerical results for σ(WLZL → WLZL) within our IAM-
MC framework and for the same benchmark points of Table 10. In these plots we have
also included the predictions from the SM and from the EChL for comparison. What
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Figure 54: Predictions of the cross section σ(W+L ZL → W+L ZL) as a function of the center of mass energy√
s for all the selected benchmark points in Table 10 integrated over the whole center of mass scattering
angle, | cos θ| ≤ 1. Different lines correspond to the different models considered in the text: SM (black),
our IAM-MC model (orange) and non-unitarized EChL up to O(p4) (blue).
we learn from these figures is immediate: the vector resonances do emerge clearly in
the scattering of the longitudinal modes, well above the SM background. We also see
that the predictions from the IAM-MC match those from the EChL at low energies, as
expected. The main features of the resonances, i.e., the mass, the width and the coupling
are obviously manifested in each profile of the resonant IAM-MC lines. It is also worth
mentioning our explicit test that all these cross sections in Fig. 54 respect the Froissart
unitary bound in Eq. (135).
So far we have been discussing about the predictions of the scattering amplitudes for
the longitudinal gauge boson modes. However, for a realistic study with applications to
LHC physics, as we will do in the next section, we must explore also the behavior of the
scattering of the transverse modes. In fact, the transverse WT and ZT gauge bosons are
dominantly radiated from the initial quarks at the LHC, as compared to the longitudinal
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Figure 55: Cross section σ(W+Z → W+Z) as a function of the center of mass energy √s for the most
relevant polarization channels and for the two selected benchmark points, BP1 (left panel) and BP1’ (right
panel). Results were obtained imposing a cut on the center of mass scattering angle that corresponds to
|ηW,Z| < 2. This cut will be used as a detector acceptance cut in the LHC process. Solid lines are the
predictions from our IAM-MC model and dashed lines are the predictions from the SM.
ones and, consequently, they will be relevant and have to be taken into account in the
full computation. Of course we will make our predictions at the LHC taking into account
all the polarization channels as it must be.
To compute the various amplitudes A(WAZB → WCWD) with all the polarization
possibilities for A, B,C,D being either L or T, we proceed as described above for the
case of the longitudinal modes. We use the same analytical results for the amplitudes
given in the appendices in terms of the generic polarization vectors and substitute there
the proper polarization vectors according to the corresponding L or T cases.
The numerical results of the cross sections σ(WAZB →WCWD) for the most relevant
polarizations channels are presented in Fig. 55 for the two benchmark points BP1 and
BP1’ that we have chosen as illustrative examples. We have also included the correspond-
ing predictions of the cross sections in the SM for comparison. All these results have been
computed with FeynArts and FormCalc, and have been checked with MadGraph5.
Regarding this Fig. 55, one can confirm that at the subprocess level, WZ → WZ,
the scattering of longitudinal modes in our IAM-MC model clearly dominates over the
other polarization channels in the region surrounding the resonance. This is in contrast
with the SM case, where the TT → TT channel dominates by far in the whole energy
region studied . This feature of the IAM-MC was indeed expected since, as already said,
the coupling gV affects mainly to the longitudinal modes. Secondly, the predictions
of the resonant peaks in the IAM-MC are clearly above the SM background in all the
polarization channels that resonate. Thirdly, we also learn that the LL → LL channel
is not the only one that resonates. In fact, also the LL → LT, LT → LL and LT → LT
channels manifest a resonant behavior (barely appreciated in the figure in the LT → LT
case) in the IAM-MC, although with much lower cross sections at the peak than the
dominant LL → LL channel. In these examples the hierarchy found in the IAM-MC
predictions at the peak is the following:
σ(LL→ LL) σ(LL→ LT) > σ(LT → LL) > σ(TT → TT) > σ(LT → LT), (138)
where σ(AB → CD) is short-hand notation for σ(WAZB → WCZD), and where LT
corresponds to WLZT +WTZL.
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Also from Fig. 55 one can see that σ(LL → LT) is approximately two orders of
magnitude smaller than σ(LL → LL). Therefore, we conclude that the main features
found previously for the σ(WLZL →WLZL)IAM−MC, in the region close to the resonance,
should emerge in the total cross section, σ(WZ → WZ)IAM−MC, given the fact that this
channel is by far the domminant one. This will be confirmed in the next section.
5.3 SENSITIVITY TO VECTOR RESONANCES IN pp→WZjj AT
THE LHC
The process that we wish to explore here is pp → WZjj at the LHC via the VBS subpro-
cess WZ →WZ as we did in the previous Chapter for the non-resonant case. Concretely,
we select the process with W+ instead of W− since the former is more copiously pro-
duced from the initial protons. We know that thi type of events containing two gauge
bosons W+ and Z and two jets in the final state can take place at the LHC in many
different ways, not only by means of VBS. Therefore, in order to be able to select effi-
ciently these VBS mediated processes one has to perform the proper optimal cuts in the
kinematical variables of the outgoing particles of the collision. These cuts should favor
the VBS configuration versus other competing processes.
In Chapter 2 we already saw that the main characteristics of VBS topologies where
two very forward/backward high energy jets, with large pseudorapidity separations and
with high invariant masses. In this Chapter we will profit from these features in order
to reject efficiently the undesired backgrounds that pollute our resonant signal. To this
aim, we will study in detail the most relevant backgrounds comparatively towards the
signal to obtain the proper selection criteria leading mainly to VBS configurations.
For all the results and plots presented in this section we use MG5 and set the LHC
energy to 14 TeV. For the parton distribution functions we use the NNPDF2.3 [274]
set. Concretely, the results from our IAM-MC model, which has been described in the
previous section, are generated by means of a specific UFO file that contains the model
and the needed four point function ΓIAM−MCWZWZ . This Γ
IAM−MC
WZWZ corresponds to the total
IAM-MC amplitude coming from the computation of the diagrams displayed in Fig. 56
with the polarization vectors factored out and is defined in terms of the IAM-MC model
parameters as:
−i ΓIAM−MCW+µ ZνW+σ Zλ = −i Γ
L2
W+µ ZνW+σ Zλ
− i ΓLVW+µ ZνW+σ Zλ , (139)
or, equivalently, extracting the SM amplitude out,
−i ΓIAM−MCW+µ ZνW+σ Zλ = −i Γ
SM
W+µ ZνW+σ Zλ
− i Γ(a−1)W+µ ZνW+σ Zλ − i Γ
LV
W+µ ZνW+σ Zλ
. (140)
The specific computation can be carried out easily with the provided Feynman rules
collected in Appendices A, B and C. Specifically, with the Feynman rules corresponding
to the vertices VEChLW+µ W−ν H and V
EChL
ZµZνH (Appendix B) and to the vertex V
IAM-MC
W+µ ZνV+ρ
(Appendix
C with fV = 0 as explained previously).
This decomposition turns out to be very convenient to introduce our model in Mad-
Graph, as one can use the SM default model as the basic tool to build the UFO. In this
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Figure 56: Feynman diagrams that contribute to the A(WZ → WZ) tree level amplitude in the IAM-MC
and in the unitary gauge. Gray circles represent vertices that are sensitive to the chiral parameter a. Gray
squares show vertices with contributions from LV .
way, we just add up to the SM model files the Γ(a−1) and ΓLV as four point effective
vertices given by:
−i Γ(a−1)W+µ ZνW+σ Zλ = −
g2
c2w
m2W
t−m2H
(
a2 − 1) gµσgνλ , (141)
−i ΓLVW+µ ZνW+σ Zλ =
g4
4 c2w
[
g2V(s)
s−M2V + iMVΓV
[
hνhλgµσ − hνhσgµλ − hµhλgνσ + hµhσgνλ
]
+
g2V(u)
u−M2V
[
lνlλgµσ − lλhσgµν − lµlνgλσ + lµlσgνλ
]]
, (142)
where h = k1 + k2 and l = k1− k4 following the the total amplitude convention given by
A(W+(k1)Z(k2) → W+(k3)Z(k4)). The energy dependent couplings gV(s) and gV(u)
are the ones defined in Eqs. (136)-(137).
This way, with the simplifications assumed in this Chapter, the IAM-MC parameters
contained in the UFO file are basically the chiral coefficient a and the vector resonance
parameters MV , ΓV and gV(MV), which are fixed from the given input values of a, a4
and a5 accordingly to our previous discussion. Concretely, we use the selected points in
Fig. 50 to make our predictions with MadGraph5 of the signal events at the LHC from
the IAM-MC model.
5.3.1 STUDY OF THE MOST RELEVANT BACKGROUNDS
Regarding the most relevant backgrounds, we only consider here the main irreducible
WZjj backgrounds since we are assuming that the final W and Z gauge bosons can be
reasonably identified and disentangled from pure QCD events leading to fake ‘WZjj’ con-
figurations. For the same reason, we do not consider either the potential backgrounds
from top quarks production and decays. This will be totally justified in the final part of
this study where we will focus on the leptonic decays of the final W and Z leading to a
very clear signal with three leptons, two jets and missing energy in the final state and
with very distinctive kinematics.
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Figure 57: σ(pp → W+Zjj) distributions with the pseudorapidity of the outgoing jet ηj1 (left panel) and
with the invariant mass of the final jet pair Mjj (right panel). The predictions for the IAM-MC signal for
the selected BP1’ scenario (blue) and the two main SM backgrounds, SM-QCDEW (yellow) and SM-EW
(purple), are shown separately.
We therefore focus here on the two main irreducible SM backgrounds:
1) The pure SM-EW background, from parton level amplitudes A(q1q2 → q3q4WZ)
of order O(α2).
2) The mixed SM-QCDEW background, from parton level amplitudes A(q1q2 → q3q4WZ)
of order O(ααS).
We show our predictions of the IAM-MC signal for the selected BP1’ scenario together
with those of the two main irreducible SM-EW and SM-QCDEW backgrounds in Fig. 57,
for the simple identification cuts specified in the figure. We display the distributions
for this signal versus background comparison in the final jet pseudorapidity, ηj1 (with j1
being the most energetic jet), and in the invariant mass of the two final jets, Mjj, since
these are the variables that will allow to disentangle the VBS processes from the rest, as
we have discussed.
As we can clearly see in this figure, the signal is mainly produced in the interval
2 < |ηj1 | < 5 and with a rather large jet invariant mass of Mjj > 500 GeV, whereas
the SM-QCDEW background is mainly centrally produced, with |ηj1 | < 2 and at lower
invariant masses Mjj < 500 GeV. Therefore, this suggests the following selection of cuts
for discriminating the IAM-MC signal from the SM-QCDEW background:
2 < |ηj1,j2 | < 5 , ηj1 · ηj2 < 0, Mjj > 500 GeV ,
pj1,j2T > 20 GeV , |ηW,Z| < 2 , (143)
where ηj1,2 are the pseudorapidities of the jets and Mjj is the invariant mass of the jet
pair. Notice that the condition ηj1 · ηj2 < 0 together with the requirement 2 < |ηj1,j2 | < 5
implies large pseudorapidity difference of the final jets.
Regarding the SM-EW background, as we can see in Fig. 57, it has very similar kine-
matics with respect to our IAM-MC signal in these two jet variables ηj1 and Mjj. This
was expected, since, after applying the basic VBS cuts, both receive dominant contri-
butions from the VBS kind of configurations. In order to disentangle our signal from
this SM-EW background one has to rely on additional discriminants. As suggested by
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Figure 58: Predictions of the σ(pp → W+Zjj) distributions with the invariant mass of the WZ pair, MWZ,
for the benchmark points of the IAM-MC model BP1 (blue), PP2 (green), BP3 (gray) in the left panel and
BP1’ (blue), BP2’ (green), BP3’ (gray) in the right panel, and of the two main SM backgrounds, SM-QCDEW
(yellow) and SM-EW (purple). The cuts in Eq. (143) have been applied.
our previous analysis in section 5.2 and by the results presented in Chapter 2, the most
powerful of these discriminants would be a devoted study of the final gauge boson polar-
izations, since the IAM-MC signal produces mainly WLZL jj events whereas the SM-EW
background produces mainly WTZT jj events.
Nevertheless, as we have argued, sophisticated techniques to distinguish among the
polarizations of the final W and Z are not yet well stablished, so we are not going to
use a polarization analysis as a discriminant in this work. Thus, we will rely in the
following in the most obvious and simple way to discriminate the IAM-MC signal and
the SM backgrounds, which is by looking for resonant peaks in the MWZ invariant mass
distributions of the unpolarized cross sections.
5.3.2 RESULTS FOR THE RESONANT SIGNAL EVENTS
In this subsection we present the main results of our IAM-MC resonant signal events
together and compared with the relevant backgrounds explored previously. Our predic-
tions of the MWZ distributions for the IAM-MC signal and of the two main SM back-
grounds, SM-QCDEW and SM-EW, are displayed in Fig. 58. We have summarized in
these plots the results for all the selected benchmark points in Table 10, after applying
the optimal cuts in Eq. (143). We see in these figures that the resonant peaks, coming
mainly from the interaction of longitudinally polarized gauge bosons, clearly emerge
above the SM backgrounds (dominated by the transverse modes) in all these distribu-
tions and in all the studied BP scenarios. In order to quantify the statistical significance
of these emergent peaks, we define σstatWZ in terms of the predicted events in our IAM-MC
model, N(pp → W+Zjj)IAM−MC, and the background events, N(pp → W+Zjj)SM, as
follows:
σstatWZ =
SWZ√
BWZ
, (144)
with,
SWZ = N(pp→W+Zjj)IAM−MC −N(pp→W+Zjj)SM ,
BWZ = N(pp→W+Zjj)SM . (145)
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BP1 BP2 BP3 BP1’ BP2’ BP3’
30
0
fb
−1 NIAM−MCWZ 89 (147) 19 (25) 4 (9) 226 (412) 71 (151) 33 (59)
NSMWZ 6 (17) 2 (4) 0.3 (2) 11 (45) 5 (27) 3 (14)
σstatWZ 34.8 (31.1) 10.8 (9.7) 6 (5.4) 64.9 (54.4) 28.9 (23.8) 16.1 (12)
10
00
fb
−1 NIAM−MCWZ 298 (488) 64 (82) 13 (30) 752 (1374) 237 (504) 110 (196)
NSMWZ 19 (57) 8 (15) 1 (6) 36 (151) 17 (90) 11 (46)
σstatWZ 63.5 (56.8) 19.8 (17.7) 11 (9.9) 118.5 (99.4) 52.7 (43.5) 29.3 (22)
30
00
fb
−1 NIAM−MCWZ 893 (1465) 193 (246) 39 (89) 2255 (4122) 710 (1511) 331 (589)
NSMWZ 58 (172) 24 (44) 3 (17) 109 (454) 52 (271) 34 (139)
σstatWZ 110 (98.5) 34.3 (30.6) 19 (17.1) 205.3 (172.2) 91.3 (75.3) 50.8 (38.1)
Table 11: Predicted number of pp→W+Zjj events of the IAM-MC, NIAM−MCWZ , for the selected BP scenarios
in Table 10 and of the SM background (EW+QCDEW), NSMWZ, at 14 TeV, for different LHC luminosities: L =
300 fb−1, L = 1000 fb−1 and L = 3000 fb−1. We also present the corresponding statistical significances,
σstatWZ, calculated according to Eq. (144). These numbers have been computed summing events in the bins
contained in the interval of ±0.5 ΓV (±2 ΓV) around each resonance mass, MV . The cuts in Eq. (143) have
been applied.
Here the event rates are summed over the interval in MWZ surrounding the correspond-
ing resonance mass. In the SM predictions we have summed the purely EW contribution
and the QCDEW contributions. We display in Table 11 the results for these σstatWZ of the
pp → W+Zjj events, for different LHC luminosities: L = 300 fb−1, L = 1000 fb−1 and
L = 3000 fb−1, that are expected for the forthcoming runs [302]. We have included the
results of two intervals for comparison.
First, the events are summed in MWZ over the corresponding narrow (MV − 0.5 ΓV ,
MV + 0.5 ΓV) interval. Second, they are summed over the wider interval around the res-
onances of (MV − 2 ΓV , MV + 2 ΓV). The results differ a bit in the two chosen intervals,
as expected, but the conclusions are basically the same: we find very high statistical
significances for all the studied BP scenarios in this case of pp→W+Zjj events.
The predictions in Table 11 correspond to the selected reference scenarios with the
values of the a parameter fixed to the borders of the considered interval (0.9, 1). In order
to further study the sensitivity at the LHC to different values of the a parameter, we have
also performed the computation of W+Zjj events, for the additional benchmark points
specified in Fig. 50. The results for these new BP’s are collected in Fig. 59, where we
present both the signal event rates, NIAM−MCWZ , and the statistical significances, σ
stat
WZ, as a
function of a ∈ (0.9, 1) for an integrated luminosity of L = 3000 fb−1.
The corresponding rates and significances for the other two luminosities considered
here can be easily scaled from these results. The marked points correspond to our se-
lected BP’s of Fig. 50. As in Table 11, the two lines displayed for each MV value corre-
spond, respectively, to summing events in the bins contained in the interval of ±0.5 ΓV
and ±2 ΓV around each resonance mass.
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Figure 59: Predictions for the number of events, NIAM−MCWZ (left panel), and the statistical significance, σ
stat
WZ
(right panel), as a function of the parameter a for L = 3000 fb−1. Marked points correspond to our selected
benchmark points in Fig. 50. The two lines for each mass are computed by summing events within ±0.5 ΓV
and ±2 ΓV , respectively.
From Fig. 59 it is clear that the high luminosity LHC with L = 3000 fb−1 would be
sensitive to all values of a in (0.9, 1) through the study of vector resonances with masses
of 1.5, 2 and 2.5 TeV. Actually, for this WZ final state, these same conclusions apply to
the other two luminosities considered, L = 1000 fb−1 and L = 300 fb−1.
The previous results for the statistical significances of W+Zjj events are really en-
couraging. The high statistical significances found show that the resonances would be
visible if the W+ and Z gauge bosons could be detected as final state particles. However,
this is not the real case at colliders, and one has to reconstruct W’s and Z’s from their
decay products. In particular, the study of the so called ‘fat jets’ in the final state, com-
ing from the hadronic decays of boosted gauge bosons, could lead to a reasonably good
reconstruction of the W+ and the Z, as we will see in the next Chapter.
The typical signatures of these hadronic events would then consist of four hadronic
jets, two thin ones jj triggering the VBS, and two fat ones J J triggering the final WZ.
If this type of signal events were able to be extracted from the QCD backgrounds, the
predicted resonances that we show in Fig. 58 could be very easily discovered. For a fast
estimation of the number of signal events that will be obtained by analyzing these kind
of hadronic channels with ‘fat jets’ we have performed a naive extrapolation from our
results for WZjj events by assuming two hypothetical efficiencies e for the W/Z recon-
struction from ‘fat jets’, which we take from the literature [303? ? , 304], and are usually
referred to as ‘medium’ with e = 0.5, and ‘tight’ with e = 0.25. The corresponding J J jj
signal event rates can be extracted simply by [? ]:
NIAM−MChadronic = N
IAM−MC
WZ × BR(W → hadrons)× BR(Z → hadrons)× eW × eZ. (146)
We show in Fig. 60 our predictions for these naively extrapolated number of events
(left panel). We show as well a very naive estimate of statistical significances (right
panel) computed taking the number of signal events derived from Eq. (146), and consid-
ering as backgrounds only the SM-EW and SM-QCDEW ones described above rescaled
accordingly to Eq. (146) as well. The results are, therefore, very optimistic, since we are
neglecting possible new backgrounds that might affect our signal in the purely hadronic
case. Nevertheless, it is interesting to shown them here, since in the future these new
backgrounds might be efficiently controlled.
S E N S I T I V I T Y T O V E C T O R R E S O N A N C E S I N p p → WZj j AT T H E L H C 151
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ æ
æ
æ
æ
æ
æ
MV = 1.5 TeV
MV = 2 TeV
MV = 2.5 TeV
L = 3000 fb-1
Ε = 0.5
Ε = 0.25
Extrapolated
rates
0.9 0.925 0.95 0.975 10
50
100
150
200
250
a
N h
ad
ro
ni
c
IA
M
-
M
C
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
æ
MV = 1.5 TeV
MV = 2 TeV
MV = 2.5 TeV
L = 3000 fb-1
Ε = 0.5
Ε = 0.25
Extrapolated
significances
0.9 0.925 0.95 0.975 10
10
20
30
40
50
60
70
a
Σ
ha
dr
on
ic
st
at
Figure 60: Extrapolated J J jj signal event rates from Fig. 59 (for ±0.5 ΓV), NIAM−MChadronic (left panel), and their
corresponding extrapolated statistical significances (right panel), σstathadronic. The two lines shown for each
resonance mass correspond, respectively, assuming an efficiency in the reconstruction of W’s and Z’s from
the ‘fat jets’ of e = 0.5 (upper line) and e = 0.25 (lower line).
The results presented in Fig. 60 are very encouraging and clearly indicate that, if new
possible hadronic backgrounds are sufficiently suppressed, a more devoted study of the
W and Z hadronic decays leading to ‘fat jets’ the vector resonances of our selected sce-
narios would all be visible at the high luminosity option of the LHC with L = 3000 fb−1.
Looking at the scaled results for other luminosities, one can see that some of the
resonances might be seen already for L = 300 fb−1. Concretely, we find that resonances
of MV ∼ 1.5 TeV could be observed at the LHC with this luminosity with statistical
significances larger than 11 (6) for all values of the a parameter if a medium (tight)
reconstruction efficiency is assumed. A medium reconstruction efficiency would also
allow to find heavier resonances of MV ∼2 (2.5) TeV for values of a <0.975 (0.925).
The case of L = 1000 fb−1, is also very interesting. For this luminosity, the resonances
with MV=1.5 TeV and MV=2 TeV could all be seen for any value of the a parameter
between 0.9 and 1 and for the two efficiencies considered. The heaviest ones, with
masses of ∼2.5 TeV, would have significances larger than 3, and therefore could be used
to probe values of a in the whole interval studied in this work, if a medium efficiency is
assumed. For a tight efficiency, one could still be sensitive to values of the a parameter
between 0.9 and 0.95.
On the other hand, the alternative semileptonic channels where one final EW gauge
boson decays to leptons and the other one to hadrons observed as one fat jet, will also
lead to interesting signatures like `νJ jj and ``J jj that are also very promising, with
comparable statistics to the previous hadronic channels, as our corresponding naively
extrapolated rates (not shown) indicate. For this estimation we have assumed the same
naive scenario of having no nwe backgrounds. The potential of these semileptonic chan-
nels can also be inferred from the studies in [195], where they have been used to notably
improve the experimental constraints on a4 and a5 by roughly one order of magnitude,
with respect to their previous constraints based on the pure leptonic decays [199].
Nevertheless, our previous estimates of event rates involving ‘fat jets’ although really
encouraging are yet too naive, as we have explained, and deserve further studies for
a more precise conclusion. A more realistic and precise computation is needed, but
it would require a fully simulated MC analysis of the events with ‘fat jets’ and a good
control of the QCD backgrounds and other reducible backgrounds.
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For this reason, in the next Chapter, where we will perform a complete analysis of
these fat jet type of events, we will see that the way in which we have estimated the
signal events corresponding to the purely hadronic WZjj scenario actually provides a
good first approximation to the correct signal event rates. However, since additional
backgrounds come into play when studying the purely hadronic case the translation of
the statistical significances that can be obtained is not so obvious. We will review all
these features in the forthcoming Chapter.
In the present Chapter, however, we will focus on the cleanest decays of the W+ and
Z, which are the pure leptonic ones, leading to a final state from the WZ pair with three
leptons and one neutrino. Concretely, to unsure a good efficiency in the detection of
the final particles we consider just the two first leptonic generations. We propose then
to explore at the LHC events of the type (`+1 `
−
1 `
+
2 /pT j1 j2), with `1,2 being either a muon
or an electron, /pT the missing transverse momentum coming from the neutrino, and
j1,2 the two VBS-tagging jets. The event rates in these leptonic channels suffer from a
suppression factor of BR(WZ → ```ν) ' 0.014, but have the advantage of allowing us
to reconstruct the invariant mass of the WZ pair in the transverse plane, and also to
provide a good reconstruction of the Z.
For the present study of the leptonic channels we apply the set of cuts that are par-
tially extracted from Ref. [104] and optimized as described in the previous background
subsection, to make the selection of VBS processes more efficient when having leptons in
the final state. These contain all the previous VBS cuts and others, and are summarized
by:
2 < |ηj1,2 | < 5 , ηj1 · ηj2 < 0 , Mjj > 500 GeV ,
pj1,j2T > 20 GeV ,
MZ − 10 GeV < M`+Z `−Z < MZ + 10 GeV ,
MTWZ ≡ MT```ν > 500 GeV ,
/pT > 75 GeV ,
p`T > 100 GeV , (147)
where M`+Z `−Z is the invariant mass of the lepton pair coming from the Z decay (this
means at least one of the two `+`− combinations in the case of `+`−`+ν with the same
lepton flavor), /pT the transverse missing momentum, p
`
T the transverse momentum of
the final leptons, and MTWZ the transverse invariant mass of the WZ pair defined as
follows:
MTWZ ≡ MT```ν =
√(√
M2(```) + p2T(```) + |/pT|
)2
− (~pT(```) + ~/pT)2 , (148)
with M(```) and ~pT(```) being the invariant mass and the transverse momentum of the
three final leptons respectively, and ~/pT the transverse momentum of the neutrino.
As before, we generate all the signal, IAM-MC, and background, SM-QCDEW and
SM-EW, events with MG5. The results obtained, after applying the previous cuts in
Eq. (147), are displayed in Fig. 61, where the total cross section per bin has been plotted
as a function of the transverse invariant mass of the WZ pair as defined in Eq. (148) .
From this figure we can conclude that the peaks, although smoother, are again clearly
seen over the SM backgrounds, specially for the lighter resonances. The shape of the
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Figure 61: Predictions of the σ(pp → `+1 `−1 `+2 νjj) distributions with the transverse invariant mass, MT```ν,
for the selected benchmark points of the IAM-MC model BP1 (blue), BP2 (green), BP3 (gray) in the left
panel and BP1’ (blue), BP2’ (green), BP3’ (gray) in the right panel, and for the two main SM backgrounds,
SM-QCDEW (yellow) and SM-EW (purple). The cuts in Eq. (147) have been applied.
emergent peaks is different than in Fig. 58, typically smaller and broader, as correspond-
ing to distributions with the transverse invariant mass, having the maximum at bit lower
values, and getting spread in a wider invariant mass range.
Finally, in order to quantify the statistical significance of these emergent peaks, we
have computed the quantity σstat` , defined in terms of the predicted number of events
from the IAM-MC, N(pp → `+1 `−1 `+2 /pT jj)IAM−MC, and the background events, N(pp →
`+1 `
−
1 `
+
2 /pT jj)
SM, as follows:
σstat` =
S`√
B`
, (149)
with,
S` = N(pp→ `+1 `−1 `+2 /pT jj)IAM−MC −N(pp→ `+1 `−1 `+2 /pjj)SM ,
B` = N(pp→ `+1 `−1 `+2 /pT jj)SM . (150)
The final numerical results for σstat` are collected in Table 12. Again, we have consid-
ered three different LHC luminosities: L = 300 fb−1, L = 1000 fb−1 and L = 3000 fb−1.
The numbers of events presented are the results after summing over the intervals in
which we have found the largest statistical significance with at least one IAM-MC event
for L = 3000 fb−1. In particular we consider the following ranges of MT```ν:
BP1 : 1325− 1450 GeV , BP2 : 1875− 2025 GeV , BP3 : 2300− 2425 GeV ,
BP1′ : 1250− 1475 GeV , BP2′ : 1675− 2000 GeV , BP3′ : 2050− 2475 GeV . (151)
As we can see in this Table 12, these more realistic statistical significances for the
leptonic channels, σstat` are considerably smaller than the previous σ
stat
WZ. However, we
still get scenarios with sizable σstat` larger than 3.
Concretely, the scenarios with a = 0.9 leading to vector resonance masses at and
below 2 TeV, could be seen in these leptonic channels at the LHC in its forthcoming high
luminosity stages. Particularly, for BP1’ with MV = 1.5 TeV we get sizeable significances
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BP1 BP2 BP3 BP1’ BP2’ BP3’
30
0
fb
−1 NIAM−MC` 2 0.5 0.1 5 2 0.7
NSM` 1 0.4 0.1 2 0.6 0.3
σstat` 0.9 - - 2.8 1.4 -
10
00
fb
−1 NIAM−MC` 7 2 0.4 18 5 2
NSM` 4 1 0.3 6 2 1
σstat` 1.6 0.3 - 5.1 2.5 1.4
30
00
fb
−1 NIAM−MC` 22 5 1 53 16 7
NSM` 12 4 1 17 6 3
σstat` 2.7 0.6 0.3 8.9 4.4 2.4
Table 12: Predicted number of pp → `+1 `−1 `+2 νjj events of the IAM-MC, NIAM−MC` , and of the SM back-
ground (EW+QCDEW), NSM` , at 14 TeV, for different LHC luminosities: L = 300 fb−1, L = 1000 fb−1 and
L = 3000 fb−1. We also present the corresponding statistical significances, σstat` , calculated according to
Eq. (149) after summing events in the intervals collected in Eq. (151). We only display the value of σstat`
for the cases in which there is at least one IAM-MC event. The cuts in Eq. (147) have been applied.
around 3, 5, and 9 for luminosities of 300, 1000 and 3000 fb−1 respectively, whereas for
BP2’ with MV = 2 TeV the significances are lower, close to 3 for 1000 fb−1 and slightly
above 4 for 3000 fb−1.
The scenarios with a = 1 have comparatively smaller significances, and only the
lightest resonances with MV = 1.5 TeV , like BP1, lead to a significance of around 3 for
the highest studied luminosity of 3000 fb−1. Notice that there are some cases that we
do not consider in our discussion because of the lack of statistics. The scenarios with
heavier resonance masses, at and above 2.5 TeV seem to be very difficult to observe,
due to the poor statistics for these masses in the leptonic channels. Only our benchmark
point BP3’ gets a significance larger that 2 for 3000 fb−1. Therefore, in order to get more
sizable significances in those cases one would have to perform a more devoted study in
other channels like the semileptonic and hadronic ones of the final WZ pair, as we have
already commented above.
Finally, we have also explored the additional BP points with different values of the a
parameter and studied the sensitivities to this parameter in the leptonic channels. The
results of the predicted event rates, NIAM−MC` , and statistical significances, σ
stat
` , in terms
of the parameter a, within the interval (0.9, 1) are displayed in Fig. 62. From this figure
we can clearly conclude that, for the highest luminosity L = 3000 fb−1, and for MV = 1.5
TeV, there will be good sensitivity to the a parameter, with σstat` larger than 3, in the full
interval (0.9, 1), except for the limiting value of a = 1 where σstat` is slightly below 3.
For the heavier resonances, we find lower sensitivities, with σstat` larger than 3 only for
MV = 2 TeV and a below around 0.94. The case MV = 2.5 TeV is not very promising
to learn about the parameter a in the fully leptonic channel except, perhaps, for the
scenario with the lowest considered value of a = 0.9 where, as said above for BP3’, σstat`
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Figure 62: Predictions for the number of events, NIAM−MC` , (left panel) and the statistical significance, σ
stat
` ,
(right panel) as a function of the parameter a for L = 3000 fb−1. Marked points correspond to our selected
benchmark points in Fig. 50. The cuts in Eq. (147) have been applied.
gets larger than 2. Nevertheless, this would be strongly improved by exploring other
decay channels, as we will see in the next Chapter.
To summarize, in this Chapter we have explored the production and sensitivity to
vector resonances at the LHC emerging from the strong interactions of a BSM EWSB
sector. We have used the IAM, well known in the context of QCD, to predict the presence
of resonances in the spectrum, whose properties are derived form the EChL parameters.
We have built the IAM-MC model that uses a modified Proca Lagrangian framework
to mimic the resonant behaviour of the IAM amplitudes. This IAM-MC framework, where
the VBS amplitudes are built from Feynman rules, is very useful for a Monte Carlo analy-
sis like the one we have done in the present work with MG5. Our IAM-MC model for the
vector resonance production at LHC provides unitary VBS amplitudes (we have checked
indeed, that the LHC cross sections respect the Froissart bound given by Eq. (135)), and,
therefore, it does not require unphysical ad hoc cuts to respect unitarity in the study of
the signal versus background events.
With this tool, and focusing on the pp → W+Zjj → `+1 `−1 `+2 /pT jj channel which is
the most relevant one if one is interested in the study of charged vector resonances in a
clean environment, we have computed the statistical significance of selected benchmark
points leading to resonance masses in the TeV range. Concretely, we have explored
values of MV of 1.5, 2 and 2.5 TeV as the most interesting cases.
We have seen that the study of this kind of resonant scenarios at the LHC could lead
to observable BSM physics from which we could extract relevant information about the
EFT describing the EWSB dynamics. Nevertheless, the results we have obtained for the
significances related to these resonances in the purely leptonic channel are modest due
to the small rates associated to the leptonic decays of the EW gauge bosons.
In particular, we have seen that with a luminosity of 300 fb−1 a first hint (with σstat`
around 3) of resonances with mass around 1.5 TeV for the case a = 0.9 could be seen in
the leptonic channels. For the first stage of the high luminosity LHC, with 1000 fb−1, we
estimate that these scenarios could be tested with a high statistical significance larger
than 5 and a discovery of these resonances with masses close to 1.5 TeV, like in BP1’,
could be done. Interestingly, for the last luminosity considered, 3000 fb−1, all the studied
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scenarios with resonance masses at and below 2 TeV and with a = 0.9 could be seen.
Concretely, for BP1’ and BP2’ we get σstat` close to 9 and 4 respectively.
For the heaviest studied resonances, with masses around 2.5 TeV, small hints with
σstat` slightly larger than 2 might as well show up in the highest luminosity stage. The
sensitivities to other values of a in the interval (0.9, 1) have also been explored. Our
numerical results in Fig. 62 show that for the highest luminosity L = 3000 fb−1, and for
MV = 1.5 TeV, there will be good sensitivity to the a parameter in the leptonic channels,
with σstat` larger than 3, in the full interval (0.9, 1) except for the limiting value of a = 1
where σstat` is slightly below 3.
For the heavier resonances, we find lower sensitivities, with σstat` larger than 3 only
for MV = 2 TeV and a below around 0.94. The case MV = 2.5 TeV does not show
appreciable sensitivity to a, except for the lowest considered value of a = 0.9 where,
σstat` gets larger than 2.
In the light of these results, and even thought some of them are really promising, one
expects that the hadronic channels might serve to disentangle these observables more
easily, which is why in the next Chapter we will perform a full analysis of the purely
hadronic channel of a VBS configuration (in this case the WW one, complementary to
the WZ studied here) in the search from dynamically generated EChL resonances.
6 DYNAMICAL VECTOR RESONANCES FROM
THE ECHL IN VBS AT THE LHC:
THE WW CASE
As already discussed in the previous Chapter, the emergence of heavy resonances in Vec-
tor Boson Scattering would undoubtedly be a remarkable signal of a strongly interacting
EWSB sector described by the EChL. Moreover, if these new resonances have masses in
the few TeV energy domain, the LHC is then the proper collider to look for them. In
the case in which these resonances couple dominantly to EW gauge bosons, and not to
fermions, it is clear that VBS plays the most relevant role in the search for these emergent
resonances.
The resonance states emerge as poles in the total EChL amplitude, taking into ac-
count the subsequent re-scattering of the EW gauge bosons via VBS type of diagrams,
whose effects are indeed very important for the total computation due to the strong
character of the interactions involved. This motivates the name “dynamically generated
resonances” that we also used in Chapter 5.
To deal with this resummation process of the re-scattering diagramas and to get
unitary predictions at the same time the Inverse Amplitude Method is used, since it fixes
the physical properties of the resonances, like mass, width and couplings to the EW
gauge bosons in terms of the EChL parameters.
In the previous Chapter we performed a devoted study of the production of such
resonances at the LHC by studying WZjj events focusing on the leptonic decays of the
final gauge bosons. As we argued, the WZ channel was the ideal one to study the
charged component, V±, of the isotriplet of vector resonances, V0, V+ and V−, since it
propagated in the s−channel. However, in this Chapter we will focus our attention in
the neutral component, V0, that may be accessed more efficiently in W+W− → W+W−
scattering.
Furthermore, we will center our analysis on the hadronic decays of the final Ws, and,
more concretely, in the kinematical regime in which the hadronic decay products of the
Ws are identified as a single, large radius jet. This allows for larger signal rates and for a
better reconstruction of the resonance properties than in the leptonic scenario, the large
amount of missing energy present in the latter case complicates this task.
The purely hadronic channel suffers, however, from quite sizable backgrounds, espe-
cially regarding the one coming from QCD events. The biggest effort in this Chapter will
then be that of optimizing the analysis of the W tagging techniques with fat jets for the
observation of the emergent V0 resonance in of W+W− jj events. All in all, our analysis
aims to explore the sensitivity to the neutral vector resonances V0 with masses between
1.5 and 2.5 TeV at the LHC with
√
s = 13 TeV and the planned high luminosity of 3000
fb−1, paying special attention to the study of efficient cuts to extract the resonant signal
from the QCD background in pp → J J jj events with VBS configuration, which clearly
represents the main challenge of this search.
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Figure 63: Feynman diagrams contributing to the process W+W− → W+W− in the Unitary gauge within
our effectiveLagrangian formalism. Gray circles (middle diagrams) represent the VW+W−H vertex given in
Appendix B in terms of the EChL parameter a and gray squares (right diagrams) represent the VW+W−V0
vertex in Appendix C in terms of the gV Proca coupling.
6.1 IAM-MC SETUP FOR WW SCATTERING
The theoretical framework used in the study of the dynamically generated vector res-
onances in WW scattering is exactly the same as the one introduced in the previous
Chapter. We assume a strongly interacting EWSB sector, described by the EChL, whose
scattering amplitudes are unitarized with the IAM. This leads, in general, to an expres-
sion of unitary amplitudes that accommodates a pole, whose position depends on the
values of the chiral parameters.
From the characterization of the pole, the resonance properties can be derived in
terms of the relevant EChL coefficients. Thus, as explained before, MV , ΓV and the
resonance couplings to EW gauge bosons will be related to a, a4 and a5, as we set again
b = a2.
Furthermore, since in the study of the WZ scattering performed in Chapter 5 we
assumed the isospin limit to compute the IAM amplitudes, and, therefore, to obtain the
resonance properties, the three members of the isotriplet of vector resonances V0, V+
and V− share exactly the same physical characteristics. More specifically, they have the
same mass, same width, and same couplings. For this reason, to illustrate our main
results in the WW channel, we will use the same benchmark points defined in the pre-
vious Chapter that are collected in Table 10. These correspond to phenomenologically
interesting values of the resonances masses, between 1.5 and 2.5 TeV that arise directly
from IAM amplitudes for specific values of the chiral patameters, as already mentioned.
In order to study the production of the dynamical vector resonances at the LHC by
means of a Monte Carlo like MadGraph [234, 235], where the needed input files are
not the scattering amplitudes but the interaction vertices themselves, or equivalently
the interaction Lagrangian, we use our IAM-MC model described in section 5.2 of the
previous Chapter.
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Thus, since the vector resonance mass and width are shared by all the states belong-
ing to the isotriplet, the only differences between the WZ and the WW case will be
the charge of the resonance that mediates them and the different Feynman diagrams
that contribute to each of these channels. The total set of the diagrams contributing to
the W+W− → W+W− scattering is collected in Figure 63, to be compared with that
presented in Fig. 56 for W+Z →W+Z scattering.
For the practical computation of the full process pp→ W+W− jj with MadGraph we
have implemented an UFO model with the complete IAM-MC Lagrangian, involving the
two relevant pieces L2 and LV , as before. It is worth mentioning that the full set of
diagrams involved in pp → W+W− jj, which are generated in MadGraph, include many
other diagrams in addition to the subset of diagrams with VBS configuration, so all of
them have been taken into account in our numerical computation of the LHC events
presented in the next section.
As explained in Chapter 5, the IAM-MC model contains the needed four point func-
tion ΓIAM−MCWWWW that allows to mimic in a Lagrangian or interaction vertex language the
IAM resonance properties. This ΓIAM−MCWWWW corresponds to the total IAM-MC amplitude
coming from the computation of the diagrams displayed in Fig. 63 with the polarization
vectors factored out and is again defined in terms of the IAM-MC model parameters as:
−i ΓIAM−MCW+µ W−ν W+σ W−λ = −i Γ
SM
W+µ W−ν W+σ W−λ
− i Γ(a−1)W+µ W−ν W+σ W−λ − i Γ
LV
W+µ W−ν W+σ W−λ
. (152)
Here, in the same way as before, ΓSM corresponds to the contribution from the SM,
Γ(a−1) denotes the new effects introduced by L2 with a 6= 1 with respect to the SM, and
ΓLV accounts for the new contributions from the dynamically generated resonance. This
computation has been carried out by using the Feynman rules presented in Appendices A,
B and C. Specifically, with those corresponding to the vertex VEChLW+µ W−ν H (Appendix B) and
to the vertex VIAM-MCW+µ W−ν V0ρ
(Appendix C with fV = 0 as explained in the previous chapter).
As already discussed, the decomposition defined in Eq. (152) turns out to be very
convenient to introduce our model in MadGraph, as one can use the SM default model
as the basic tool to build the UFO. In this way, we just add to the SM model files the
Γ(a−1) and ΓLV as four point functions given by:
−iΓ(a−1)4W =− g2
m2W
t−m2H
(a2 − 1)gµσgνλ − g2 m
2
W
s−m2H
(a2 − 1)gµνgσλ
−iΓLV4W =
g4
4
[
g2V(s)
s−M2V + iMVΓV
(hνhλgµσ − hνhσgµλ − hµhλgνσ + hµhσgνλ)
+
g2V(t)
t−M2V
(lνlλgµσ − lλhσgµν − lµlνgλσ + lµlσgνλ)
]
(153)
where h = k1 + k2 and l = k1 − k3, following the the total amplitude convention given
by A(W+(k1)W−(k2)→W+(k3)W−(k4)).
In the above expressions the energy dependent couplings gV(s) and gV(t) correspond
to those in Eq. (137) with z = s, t being the channels in which the resonance V0 is
propagating in the present case of W+W− scattering. These non-local interactions are
needed in order to ensure unitary predictions, since the Proca Lagrangian itself, i.e., with
a constant gV , leads to a violation of unitarity above the resonance mass, as we explicitly
shown before.
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With all these considerations in mind we can move on to the analysis of the LHC
sensitivity to these neutral vector resonances in WW scattering.
6.2 SENSITIVITY TO VECTOR RESONANCES IN pp→WWjj AT
THE LHC
In this section we present the numerical results of the pp→W+W− jj events at the LHC
computed within our model for the isotriplet vector resonances described in the previous
sections, selecting exclusively the hadronic decays of the final W gauge bosons. In the
present case, as we have said, the relevant vector resonance is the neutral one, V0, in
contrast to the study in Chapter 5 of pp→WZjj events in which the charged component
of the isotriplet could be accessed. Furthermore, in this latter study the focus was set
mainly on the EW gauge boson leptonic channels, so the present analysis is somehow
complementary to that of the previous Chapter.
In all this section we set the LHC energy to
√
s = 13 TeV, and make predictions for all
our signal benchmark scenarios defined by the six selected points BP1, BP2, BP3, BP1’,
BP2’, BP3’, collected in Table 10.
In order to get a rough estimate of the signal rates at the LHC, and to learn about the
main features of our signal events for the selected BPs points, we first analyze them at the
naive parton level. We compute the rates for pp → W+W− jj events, with jj denoting
quarks, before considering any showering or jet reconstruction algorithm. Then, we
apply the suppression factors from the two EW gauge boson hadronic decays given by
(BR(W → hadrons))2 ∼ 0.45.
In this computation of the cross sections for the pp → W+W− jj process we wish to
compare the signal rates with the main background rates which, at this parton level, are:
1) SM EW background, with amplitude of O(α2), 2) SM mixed QCDEW background,
with amplitude of O(ααS) and 3) top-antitop production from QCD followed by the top
(antitop) decay into bW+
(
b¯W−
)
, in which the final bottom and antibottom jets are
misidentified as light quark jets j. In this latter case we assume a suppression factor due
to this misidentification of bb as jj within the range from (0.2)2 to (0.3)2 corresponding
to the often used b-jet tagging efficiency of 80% to 70%.
Since we are interested in events with VBS configuration and within the large invari-
ant mass region of the gauge boson pair, MWW , for this parton level computation we
have applied in addition to the basic cuts that ensure particle detection, pTj > 20 GeV,
∆Rjj > 0.4, |ηW | < 2, pTW > 20 GeV, also the usual VBS cuts given by:
2 < |ηj1,j2 | < 5,
ηj1 · ηj2 < 0,
Mj1 j2 > 500 GeV, (154)
where j1 and j2 refer to the two final quarks produced together with the two Ws.
The results of these parton level predictions, obtained with MadGraph, are collected
in Fig. 64 and in Table 13. Fig. 64 shows the distributions in the invariant mass of
the WW pair and Table 13 summarizes the total cross sections in the invariant mass
region of the WW pair of our interest, i.e., summing events over the interval 800 GeV
< MWW < 3000 GeV.
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Figure 64: Predictions of the invariant mass, MWW , distributions at the parton level. The results pre-
sented correspond to the cross sections times the branching ratios of the W bosons to hadrons, σ(pp →
W+W− jj)× (BR(W → hadrons))2. The rates for the EW background (SM-EW), the mixed QCDEW back-
ground (SM-QCDEW) and for the selected signal scenarios for the vector resonances given by the BP’s
defined in Table 10 are included. The cuts in Eq. (154) have been applied.
As we can see in Fig. 64 the six studied resonances emerge clearly above the predic-
tion from the SM continuum, which is in turn clearly dominated by the EW background.
The other studied backgrounds, the mixed QCDEW and the top-antitop ones are clearly
subdominant for these specific configurations. In fact, we have checked explicitly that
the main responsible for this strong suppression of the mixed QCDEW and top-antitop
backgrounds are the VBS cuts of Eq. (154). In particular, the tt¯ background is reduced
by a factor of about 10−3 when applying these VBS cuts in the region of large MWW .
Although these results at the parton level are encouraging, the real challenge is to
deal with the difficult task of reconstructing the Ws from their hadronic decay products.
This is the issue that we confront next.
Concretely, we are going to explore the prospects for the fully hadronic decay chan-
nel,
pp→W+W− jj, W± → J(jj), (155)
where the 2 jets (jj) coming from the decay of each of the vector bosons are recon-
structed as a single fat jet (J). See, for instance, ref. [305] for the semileptonic channel,
where only one of the vector bosons decays into 2 jets that are reconstructed as a single
fat jet.
We consider three categories of events:
• Signal: the prediction from our model of the vector resonances for the process
shown in Eq. (155), with the model parameters set to the corresponding values of
one of the BPs of Table 10. By construction, this is equal to the SM-EW prediction
plus the extra events due to the BSM physics.
• SM-EW Background: SM EW prediction for the process in Eq. (155).
• SM-QCD Background: SM QCD prediction for the process pp → jjJ J with 2 light
jets being on the VBS kinematical region.
Notice that we have not considered other possible backgrounds in the study of this
hadronic channel, like those coming from the already mentioned mixed QCDEW and
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BP1 BP2 BP3 BP1’ BP2’ BP3’ EW QCDEW tt¯
1.57 1.46 1.44 1.8 1.55 1.51 1.43 0.71 0.11(0.24)
Table 13: Parton level predictions for the cross sections times the branching ratios of the W bosons to
hadrons, σ(pp → W+W− jj)× (BR(W → hadrons))2 in fb, corresponding to the signal points, BP1, BP2,
BP3, BP1’, BP2’ and, BP3’. The predictions for the main backgrounds: SM-EW (EW), mixed SM-QCDEW
(QCDEW) and SM top-antitop (tt¯), are also shown. In the tt¯ case the decay chain t → Wb has been
considered, and a suppression factor of 0.2 (0.3) for each final b-jet being misidentified as a light jet j has
been applied. All the results are generated with MadGraph at the parton level, summed over the interval
800 GeV < MWW < 3000 GeV. Cuts in Eq. (154) have been applied.
top-antitop backgrounds, since they are well below the SM-EW background. For this
reason, we consider only the SM-EW background together with the dominant, and most
problematic, QCD background. Notice also that the third category of events from QCD
background is quite hard to filter out, as we will describe later.
The Monte Carlo chain MadGraph v5 [234, 235], Pythia 8 [306] and Delphes [307]
is used for this analysis. For the jet reconstruction, we use the FastJet library [308, 309]
with the anti-kT algorithm [310], both integrated in Delphes. We will also use the
boosted objects machinery [311–313] integrated in FastJet for W-tagging purposes.
For each event, two lists of reconstructed jets are generated with the anti-kT algo-
rithm, corresponding respectively to the thin (usual) jets, j, and to the fat jets, J. For
the thin-jet one, R = 0.5 is required, whereas for the fat jet one, R = 0.8 is required.
Regarding the cuts on the reconstructed jets, we first apply the following set of initial
cuts to the thin jets and to the fat jets, respectively:
1) Cuts on the thin jets.
We require 2 thin-jets (j1, j2), not b-tagged [308, 309] that in addition to the
detection cuts, pTj1 , pTj2 > 20 GeV, ∆Rjj > 0.4, verify the VBS cuts,
2 < |ηj1,j2 | < 5,
ηj1 · ηj2 < 0,
Mj1 j2 > 500 GeV (156)
2) Cuts on the fat jets
We require (at least) 2 fat jets, being J1 and J2 the leading (in the sense of largest
pT) and sub-leading fat jet respectively. The following basic cuts are set on the
transverse momentum, the mass and the rapidity of each fat jet:
pTJ1 , pTJ2 > 200 GeV,
MJ1 , MJ2 > 20 GeV,
|ηJ1 |, |ηJ2 | < 2 (157)
If the event is correctly identified, the j1 and j2 VBS jets will be the 2 reconstructed jets
coming from the pp → W+W− jj VBS event. The J1 and J2 fat jets will then correspond,
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Figure 65: Predictions of the cross sections distributions of J J jj events with the invariant mass of the fat
jet pair, MJ J , after jet reconstruction using MadGraph+PYTHIA+DELPHES with the anti-kT algorithm. The
rates for the EW background (SM-EW), the pure QCD background (SM-QCD, scaled down by a factor 10−4)
and the selected signal scenarios for the vector resonances given by the BP’s defined in Table 10 are included.
The cuts in Eq. (156) and Eq. (157) have been applied.
directly, to the reconstructed vector bosons W± → J(jj). By means of 4-momenta con-
servation, the masses MJ1 and MJ2 and the total invariant mass MJ J = (pJ1 + pJ2)
2 of the
reconstructed fat jets are identified with those of the original vector bosons coming from
the VBS event. Notice that because of the usage of fully hadronic events no information
is lost, in contrast to the cases where there are neutrinos in the final state. Hence, the
component of momenta parallel to the beamline can be reconstructed. Note also that the
requirement 2 < |ηj1,j2 | < 5 for the VBS thin-jets and |ηJ1,J2 | < 2 for the reconstructed fat
jets coming from the vector bosons means that both objects can be (in principle) easily
classified by means of η variable since they belong to mutually excluding regions.
It is possible that additional jets collinear with those coming from the hard scattering
event are produced by final state radiation. These jets could be reconstructed as addi-
tional thin jets, or could lead to a thin jet being also reconstructed as a fat jet. The fat
jet constituents would be those coming from the additional radiation process.
With all the above considerations taken into account, we compute our predictions
for the three specified event categories obtaining the results summarized in Fig. 65 and
Table 14. Fig. 65 shows the distributions in the invariant mass of the J J pair and Table 14
summarizes the total cross sections in the invariant mass region of the J J pair of our
interest, i.e., summing events over the interval 800 GeV < MJ J < 3000 GeV.
The main conclusions we learn from these results are the following: first, we see
clearly in Fig. 65 that the vector resonances still emerge over the EW background, al-
though with wider peaks than in the previous results at parton level, due to the typical
energy loss in associated to jet reconstruction process. Second, when we compare the
WWjj parton level rates in Table 13 with the J J jj rates in Table 14 we see that the ratios
J J jj/WWjj for the EW processes, i.e., the EW background and the signal BP’s, are in the
interval (0.2, 0.3). This can be interpreted as coming from the rescaling of the parton
level results based on an efficiency in each W tagging from each fat jet in the range
(0.45, 0.55). This is indeed in agreement with previous estimates of this efficiency (see,
for instance refs. [303, 304, 314, 315]) as we already saw in the WZ case in Chapter 5.
We also learn from these results of the total J J jj rates that the dangerous QCD back-
ground overwhelms both the signal and the EW background by a factor of 103− 104. Con-
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BP1 BP2 BP3 BP1’ BP2’ BP3’ EW QCD
0.384 0.322 0.312 0.526 0.380 0.348 0.304 2310
Table 14: Predictions after jets reconstruction for the cross sections, σ(pp → J J jj) in fb, corresponding to
the signal points, BP1, BP2, BP3, BP1’, BP2’ and, BP3’, and for the main backgrounds: SM-EW (EW) and
SM-QCD (QCD). The results are generated with MadGraph+PYTHIA+DELPHES, summing events over the
interval 800 GeV < MJ J < 3000 GeV, and the cuts in Eq. (156) and Eq. (157) have been applied.
cretely, the total cross section integrated over the interval 800 GeV < MJ J < 3000 GeV
for the QCD background is, according to our result in Table 14, 4392 times larger than
our largest signal corresponding to the BP1’. This fact is really challenging to deal with.
Therefore, in order to improve the signal to background ratios a more refined analysis
profiting from the fat jet features is needed.
We have investigated further into more specific characteristics of the produced fat
jets, analyzing in more detail the events for both signal and QCD background in terms of
the following fat jet variables and their optimal cuts: MJ1 , MJ2 , pTJ1 , pTJ2 , ∆ηJ J = ηJ1 −
ηJ2 , ∆RJ J =
√
(∆(ΦJ J)2 + (∆ηJ J)2, and τ21 = τ2/τ1. In particular, the latter variable
τ21 [312] seems to be a very good discriminant for boosted objects studied via fat jets.
In fact, it has been already used for W-tagging purposes in the case of the semileptonic
decay channel [305] and in the recent ATLAS study [316].
It is obvious that a cut on the mass variables like MJ and MJ J restricting them to
windows around, respectively, the MW mass and the corresponding resonance mass MV0
of the studied BP signal, will improve considerably the signal to background ratio. The
only problem imposing these mass windows is that if they are too narrow we may loose
too much signal and end up lacking statistics for the analysis. It should be noticed
that we are talking about BSM signals over the EW background of, in the best case,
(σS − σEW) ∼ 0.222 fb, and, therefore, a total number of events of at most 67 for an
integrated luminosity of L = 300 fb−1, and of 670 for L = 3000 fb−1. For this reason, we
have focused our more refined study on the highest luminosity option.
Regarding the remaining fat jet variables, we present our results for the distributions
of the signal and the QCD background with respect to ∆ηJ J, ∆RJ J, pTJi and τ21 in Fig. 66.
For the signal we have selected the BP1 case, as an example.
From these figures we learn that the two fat jets from the BP1 signal tend to be
more separated, both in ∆ηJ J and in ∆RJ J, than in the QCD case. Also the transverse
momenta PTJ of the leading (l) and subleading fat jets (sl) tend to be larger in the
signal case than in QCD one. Finally, we find that the τ21 variable, which tests the
correctness of the hypothesis of having a fat jet being composed of two light jets (with
τ21 close to 1 meaning that this hypothesis is incorrect), is one of the best discriminants
in our case. For instance, we have checked explicitly that applying a cut of τ21 < 0.3
together with 60 GeV < MJ < 100 GeV, in the large invariant mass interval 1000 GeV <
MJ J < 3000 GeV, reduces the QCD background by a factor of 2.4× 10−5 whereas the
BP1 (BP1’) signal is reduced by a milder factor of 6.3× 10−2(7.8× 10−2). Thus, this τ21
variable together with MJ results to be very efficient in reducing the QCD background
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Figure 66: Predictions, after jets reconstruction, of the cross sections distributions with the fat jet variables
∆ηJ J (upper left plot), ∆RJ J (upper right plot), PTJ (lower left plot) and τ21 (lower right plot) for the QCD
background (SM-QCD, scaled down by a factor 10−4) and for the signal in the scenario BP1. The cuts in
Eq. (156) and Eq. (157) have been applied.
to a controllable level. Again the only problem is the low statistics of the signal when
imposing tight cuts, specially for the heavier resonances.
Finally, in order to make a more systematic exploration looking for the best set of
cuts on the fat jet variables, we have performed a full survey considering all the possible
combinations of cut choices, including four options for each variable cut. These are set
in addition to the basic cuts in Eq. (156) and Eq. (157). The following options have
been considered:
MJ(GeV) in the interval (50,110), (60,100), (70,95), or no cut. J refers to both
fat jets.
PJ(GeV) minimum: 200, 300, 400, 600. J refers to both fat jets.
∆ηJ1 J2 minimum: 0.5, 1.0, 1.5, or no cut
∆RJ1 J2 in the interval (2,5), (2.5,4.4), (3,4), or no cut.
τ21(J) in the interval (0.1,0.4), (0.1,0.35), (0.1,0.3), or no cut. J refers to both fat
jets.
The considered windows in MJ J are fixed correspondingly for each BP scenario to
the interval centered at approximately the resonance mass mV0 ± 250 GeV. In addition,
in our search of the optimal cuts, we also allow for events with up to 4 extra thin jets,
besides to the two VBS thin jets, with ∆RjJ < 0.8 (angular distance between the non-VBS
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BP1’ BP2’ BP3’ BP1 BP2 BP3
σstat 4.74 3.14 0.820 1.88 0.596 0.215
σstatEW 122 17.4 5.67 38.0 4.44 0.429
NS 127 19.3 6.80 41.9 6.25 1.13
NEW 24.0 3.54 1.27 15.0 3.28 0.494
NQCD 449 21.6 44.1 190 21.5 8.28
pJ1T (GeV) > 200 > 200 > 400 > 200 > 200 > 400
pJ2T (GeV) > 200 > 200 > 300 > 200 > 200 > 200
τ21(J1) 0.1− 0.3 0.1− 0.3 0.1− 0.3 0.1− 0.3 0.1− 0.3 0.1− 0.3
τ21(J2) 0.1− 0.4 0.1− 0.3 0.1− 0.4 0.1− 0.3 0.1− 0.3 0.1− 0.3
MJ(GeV) 60− 100 60− 100 60− 100 60− 100 60− 100 60− 100
∆ηJ1 J2 no cut no cut no cut no cut no cut no cut
∆RJ1 J2 no cut no cut no cut no cut 2.5− 4.5 2.5− 4.5
MJ J(TeV) 1.5± 0.25 2.0± 0.25 2.5± 0.25 1.5± 0.25 2.0± 0.25 2.5± 0.25
Table 15: Results for the optimal cuts and the number of predicted events for the various signal scenarios
(NS) given by the BPs and for the SM backgrounds, EW (NEW) and QCD (NQCD), as well as their associated
statistical significances defined in Eq. (159). Here J1,2 are the leading and subleading fat jets respectively.
The integrated luminosity is fixed to L = 3000 fb−1.
thin jet j and the closest fat jet J). Regarding the fat jets, we require a minimum of two
reconstructed fat jets and a maximum of four, and the variable MJ J is the reconstructed
invariant mass of the two leading fat jets.
In all this study of optimal cuts we have used the highest luminosity option for the
LHC of 3000 fb−1. Notice that due to the fact that it is not possible to disentangle the
W+W− jj case from the W+W+ jj one if one uses W tagging by means of fat jets, we
consider in this last analysis both final states contributing in both EW background and
signal predictions. In fact, also the W−W− jj case would contribute to our final J J jj
events but we have checked that it is much smaller than the other two cases. Specifically,
for the EW background, we have found the following hierarchy in their corresponding
rates at the parton level: σ(W+W− jj) = 2.4 σ(W+W+ jj) = 11.2 σ(W−W− jj). Thus,
in the following, we have neglected the contribution from σ(W−W− jj) and added just
those from W+W− jj and W+W+ jj in both signal and EW background rates.
The results of our survey for the optimal cuts are collected in Table 15. We define
our optimal cuts as those that lead to the best statistical signal significance, defined as:
σstat =
NS − NEW√
NEW + NQCD
, (158)
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σstatEW =
NS − NEW√
NEW
, (159)
where NS, NEW and NQCD refer to the number of events of the signal, EW background
and QCD background, respectively, for a luminosity of L = 3000 fb−1. Due to the clear
dominance of the QCD background over the EW background and our incapability of
separating both background sources, the most realistic and determining value should be
that of the σstat above.
In Table 15 we summarize our main findings, where it is manifest that the best
significances are found for the resonances with mass close to 1.5 TeV, especially BP1’, and
next for BP2’ with a mass around 2 TeV. The expectations for the resonances with a heavy
mass close to 3 YeV are considerably less appealing. Notice that we have also included
σstatEW in our results in Table 15 to motivate for a future, more sophisticated analysis that
could find out a more efficient way to suppress the difficult QCD background. In that
hypothetical case the statistical significances of the signal would improve considerably,
as can it be learnt from the appealing larger values of σstatEW in this Table.
To summarize, in this Chapter we have extended our previous UFO model, first ap-
plied to the study of the vector resonances emerging in the VBS channel W+Z →W+Z,
carried out in Chapter 5, to the different VBS channel W+W− → W+W−. The charged
vector resonance V+ was relevant for W+Z → W+Z scattering since it can propagate
in the s-channel of this process, leading to emergent peaks in the cross section. On the
other hand, the neutral resonance V0 is the one that can propagate in the s-channel of
the W+W− → W+W− process instead. Our study of these resonances at the LHC by
means of the process pp → WWjj is therefore complementary to the previous study.
Furthermore, in contrast to Chapter 5 where the focus was set on the fully leptonic chan-
nel of the final EW gauge bosons, we devote here our full work to the difficult but very
interesting task of disentangling the vector resonance in pp → WWjj events using the
W gauge boson hadronic decays.
After performing a detailed study of the final hadronic states in pp → J J jj events at
the LHC with two thin jets having the typical VBS topology and using the two fat jets
for the tagging of the two final W bosons, we have concluded that only the lightest and
wider resonances might be discovered at the LHC with L = 3000 fb−1. Other, heavier
resonances might reach interesting statistical significances, even above the observation
threshold, but would not reach, in principle, the 5σ level. These modest results are
obtained due to the large amount of QCD events that, even after the selection analysis,
overwhelm the signal rates, and that therefore suppose the main channel of this search.
Despite the fact that the QCD background has been found difficult to deal with, we
stay optimistic in what concerns the observation of the dynamically generated vector
resonances. It is clear from the results presented in Figs. 64 and 65, and in Tables 13
and 14, as well as from those shown in Table 15, that a more devoted study of the
background, and, perhaps, of the signal, would lead to very promising prospects for the
discovery of these resonances. In this sense, more sophisticated techniques, like deep
learning or boost decision trees, might allow to have a better signal-to-background ratio
that could lead to a very good sensitivity to the IAM resonances at the LHC. In this sense,
we believe that the study of such states is really timely to try to obtain some information
about the EChL structure, and, therefore, to the true dynamics of EWSB.
CONCLUSIONS
The Standard Model governs the seas of particle physics and fundamental interactions
but high seas exploration is needed if one wants to grasp the treasures of understanding
nature at the fundamental level.
It is clear that the SM is one of the most remarkable theories ever postulated, since
its predictions match with outstanding agreement the corresponding experimental mea-
surements. Nevertheless, this prodigious framework lacks satisfactory explanations for
diverse particle physics phenomena.
Interestingly, many of the open problems of the SM are or can be related to the
spontaneous breaking of the electroweak symmetry, that allows to generate masses for
the SM fermions and EW gauge bosons in a gauge invariant way. Thus, studying the
EWSB sector might help us shed some light on many mysteries that nature still has
under her sleeve.
In the SM, the EWSB is merely described, but the true nature of its dynamics is in
principle unknown. Therefore, beyond the Standard Model physics is required in order
to understand its dynamical origin. One of the most efficient ways of parameterizing
these BSM contributions is to use effective field theories, since they allow to perform a
model independent analysis, considering, so to say, many different ultraviolet scenarios
at once.
In Chapter 1 we revisited the main features of spontaneous symmetry breaking in the
EW theory context, and we introduced different effective descriptions of possible BSM
EWSB sectors. We concluded that, since the so-called electroweak chiral Lagrangian
with a light Higgs (or Higgs effective field theory) corresponds to the most general setup
respecting the relevant symmetries, i.e., the EW chiral and gauge symmetries, it should
be the most appropriate tool to study the underlying dynamics of EWSB. Furthermore,
apart from being the most general setup, it is also the proper one to describe the low
energy interactions among EW gauge bosons in the case of a strongly interacting EWSB
sector, which is a well motivated hypothesis nowadays. For this reason, in this Thesis we
have relied upon the EChL as our theoretical basis to study deviations in the interactions
of the bosonic sector with respect to the SM.
From the phenomenological point of view, vector boson scattering processes have
been our key observables in order to look for these deviations. Since the EChL assumes,
a priori, strong scalar dynamics, the most clear signals of this kind of new physics should
appear in the interactions among EW Goldstone bosons. Nevertheless, they are unphysi-
cal particles, so they cannot be observed directly.
There is, however, a tight relation between the EW Goldstone bosons and the lon-
gitudinal component of the EW gauge bosons. The equivalence theorem relates the
scattering amplitudes of the former particles at high energies with those of the latter,
leading to the conclusion that vector boson scattering should be the most sensitive place
to look for strongly interacting EWSB sector dynamics.
170 C O N C L U S I O N S
Furthermore, in the EChL, the new physics scale results to be at the TeV scale, which
is, then well motivated, since it arises from the dimensionful quantity controlling the
chiral expansion, which corresponds to 4piv ∼ 3 TeV. Because of this, the LHC is the
optimal collider to look for new EWSB physics in VBS observables, as it is now exploring
the multi-TeV region.
For all these reasons, this Thesis represents a phenomenological study of EChL sig-
nals in vector boson scattering observables at the LHC, with the aim of moving towards
the comprehension of the true nature of the EWSB sector.
To this purpose, in Chapter 2, an exhaustive analysis of the VBS properties has been
presented. We have reviewed the main features of these observables at the subprocess
level, both in the SM and in the EChL, to then characterize the VBS topologies at the
LHC through the kinematical configuration of the two extra jets in the final state. These
jets populate the forward and backward regions of the detector and have large pseudo-
rapidity separations as well as large invariant masses, attributes that serve us to reject
undesired backgrounds allowing to tag VBS processes quite efficiently at the LHC.
With these features in mind, and having briefly reviewed, also in Chapter 2, the
present status of experimental searches for VBS at the LHC, we have analyzed different
examples of how these observables can be used in the pursue of BSM physics signals
driven by the EChL.
The first of these examples, corresponding to Chapter 3, concerns the study of the
LHC sensitivity to deviations of the Higgs self-coupling λ with respect to its SM value in
double Higgs productions via VBS. The precise determination of this coupling, especially
if it is performed independently from the Higgs mass determination, would allow us to
understand the true nature of the Higgs mechanism, and therefore, the EWSB dynamics.
After characterizing the subprocesses of our interest, WW → HH and ZZ → HH,
and their direct translation to the LHC case, pp → HHjj, we have focused mainly on
the pp→ HHjj→ bb¯bb¯jj process since it benefits from the largest rates. By applying all
our selection criteria, based on the VBS characteristic kinematical configuration and in
the HH candidates reconstruction, we have given predictions for the sensitivity to BSM
λ in pp → bb¯bb¯jj events at the parton level for √s = 14 TeV and for different future
expected luminosities: L = 50, 300, 1000, 3000 fb−1. Our main results for this channel
are summarized in Table 7 and in Fig. 36, in which we present the values of κ = λ/λSM
that the LHC would be sensitive to at the 3σ and at the 5σ level.
We give as well predictions for pp → bb¯γγjj events, also at the parton level and
for
√
s = 14 TeV, due to the fact that it provides a cleaner, although with smaller rates,
signature. The results of the sensitivities to the Higgs self-coupling in this channel, after
applying the proper selection criteria, are collected in Table 9 and in Fig. 38.
Furthermore, we give predictions for the interesting case of L = 1000 fb−1 of how
the sensitivity to BSM λ will change from our naive parton level results when taking into
account the main distorting effects. We have discussed the impact of b-tagging and of γ
identification efficiencies, of detector effects and of Higgs mass reconstruction resolution,
which lead, altogether to a reduction factor of at most 0.2 in the statistical significance
for pp→ bb¯bb¯jj and of at most 0.5 for pp→ bb¯γγjj, as it can be seen in Fig. 41.
The corresponding changes in the sensitivities to κ translate into the fact that, at this
luminosity, the LHC will be sensitive to κ > 6.2 (7.7) at the 3σ (5σ) level for the bb¯bb¯jj
case and of κ > 7.7 (9.4) at the 3σ (5σ) level for the bb¯γγjj one. In the also interesting
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case of L = 3000 fb−1, we get similar reduction factors. The reachable values of κ at this
last HL-LHC stage via VBS configurations are predicted to be κ > 5.0 (6.3) at the 3σ (5σ)
level for the bb¯bb¯jj case and of κ > 6.1 (8.0) at the 3σ (5σ) level for the bb¯γγjj one.
The present study shows that double Higgs production via vector boson scattering at
the LHC is a viable and promising window to measure BSM deviations to the Higgs self-
coupling and to deeply understand the scalar sector of the SM. Although all simulations
are performed at the parton level, without hadronization or detector response simula-
tion, and should be understood as a naive first approximation, we have found that the
values of λ which are closer to that of the SM, are without a doubt the most challeng-
ing ones to observe at this collider. We obtained, however, very competitive results for
the sensitivity to BSM λ at the LHC. Because of this, we believe that the vector boson
scattering HH production channel will lead to very interesting (and complementary to
those of gluon-gluon fusion) findings about the true nature of the Higgs boson.
The second example studied in this Thesis concerns the violation of unitarity present
in the scattering of EW gauge bosons. As it was stated in Chapters 1 and 2, effective
theory predictions typically suffer from unitarity violation problems, due to the energy
structure of the operators they contain. These predictions, are, in principle, not compati-
ble with the underlying quantum field theory and cannot be used to interpret experimen-
tal data in order to obtain information about the effective theory. To cure this problem
unitarization methods are addressed, as explained in Chapter 1.
There are, nevertheless, many available options to drive non-unitary observables
computed with the raw effective theory into unitary ones. This ambiguity supposes a
theoretical uncertainty that has to be taken into account when constraining the param-
eter space of such theories, that, up to now, has been made using one of these prescrip-
tions at a time or no prescription at all. In Chapter 4, we provide a first approximation
to quantifying this uncertainty by studying the case of the elastic WZ scattering at the
LHC. We first study the values of the NLO coefficients ai where this violation of unitar-
ity occurs finding that the most relevant operators concerning it correspond to the ones
controlled by the chiral coefficients a4 and a5, which parameterize the anomalous inter-
actions among four massive electroweak gauge bosons. Furthermore, at this point, we
also analyze the relevance in the unitarization procedure of each of the helicity channels
participating in the scattering. Although nowadays most unitarization studies assume
that the purely longitudinal scattering is sufficient to understand the unitarity violation
problem, we consider of much importance to take into account the whole coupled system
of helicity states, since the unitarity conditions relates them.
We then study the predictions of five unitarization methods: Cut off, Form Factor,
Kink, K-matrix and Inverse Amplitude Method, since they are the most used ones in the
literature. We do this both at the subprocess level and for the LHC, relying in the latter
case upon the Effective W Approximation. We have checked that the predictions of the
EWA using the improved functions in [239] lead to very good results compared with the
full MadGraph predictions both for the SM and the EChL total cross sections, as well
as for the corresponding invariant mass distributions. When analyzing each of these
methods’ predictions compared to those of the raw effective theory and of the SM, one
is convinced that they lead to very different results, and that this fact should be taken
into account to impose constraints on the parameter space of the effective theory.
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For this reason, we construct, based on the ATLAS results for
√
s = 8 TeV given
in [195], the 95% exclusion regions in the [a4, a5] plane for the various unitarization
schemes. The results are contained in Fig. 48, from which very interesting features
can be extracted. The most important of them is that different methods lead to different
parameters constraints and, therefore, it is indeed very clear that using one unitarization
method at a time to interpret experimental data does not consider the full effective
theory picture. Thus, we infer that since there are many unitarization prescriptions that
lead to very different constraints, one should take them all into account in order to
provide a reliable bound on the EFT parameters. These different constraints can vary
even in an order of magnitude and in the correlation between the a4 and a5 parameters.
The main conclusion of this Chapter is, therefore, that there is a theoretical uncer-
tainty present in the experimental determination of effective theory parameters due to
the unitarization scheme choice. A first approximation to this uncertainty has been quan-
tified analyzing the predictions of pp→WZ+X events at the LHC from the EChL in terms
of a4 and a5 and with different unitarization methods. We believe that it is important
to take these uncertainties into account when relying upon experimental values of the
constraints of effective theory parameters, in order to consider the full effective theory
properties correctly.
These results concern particularly the non-resonant case in which generically smooth
deviations from the continuum are expected. Nevertheless, a typical feature of strongly
interacting theories, such as the ones described by the EChL, is the appearance of heavy
resonances in the spectrum generated dynamically from the strong interactions. Because
of this, in Chapters 5 and 6 we study the production and sensitivity to dynamical vector
resonances at the LHC in VBS observables.
In order to study the resonant case we have worked under the framework of the
EChL supplemented by the IAM. In addition, we have introduced another effective chiral
Lagrangian describing the vector resonances, a modified Proca Lagrangian, that mimics
the dynamically generated resonances found by the IAM. The VBS amplitudes computed
within the EChL and unitarized with the IAM present poles at
√
s = (MV − iΓV/2)2
for specific values of the chiral parameters. Therefore, this framework provides relation
between the physical parameters of the isotriplet of vector resonances, MV and ΓV , and
the relevant EChL parameters a, b, a4 and a5. This approach allows to build a model,
that we have called IAM-MC, that is very convenient for a Monte Carlo analysis, since,
unlike the IAM, can be directly implemented in terms of four-point functions. This IAM-
MC model provides unitary VBS amplitudes that respect the Froissart bound given by
Eq. (135).
With this tool we have studied two different VBS channels in which the IAM isotriplet
of vector resonances, V0,V±, could be seen at the LHC. In Chapter 5 we have first
focused on the pp → W+Zjj since only a charged, V+, vector resonance propagates in
the s-channel, and since it suffers from less severe QCD backgrounds than others.
We have first selected six specific benchmark points in the IAM-MC model parameter
space which have vector resonances emerging at mass values that are of phenomeno-
logical interest for the searches at the LHC: MV = 1.5, 2 and 2.5 TeV. These scenarios
are used to perform the full study of the Monte Carlo generated events. The remaining
nine scenarios that have also been considered have been used to further explore the
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sensitivity to the a parameter by trying other values in the [0.9, 1] interval (b is set to
b = a2).
By studying the kinematical distributions of the signal, W+Zjj, and the most rele-
vant backgrounds we have defined the appropriate VBS cuts that allow to differentiate
efficiently between the VBS topologies and the rest. With them in mind, we have studied
the purely leptonic decays of the WZ channel since, despite the modest resulting event
rates, a very clear signal can be achieved.
Thus, we have fully analyzed the golden leptonic W and Z decay channels leading to
a final state with `+1 `
−
1 `
+
2 νjj, ` = e, µ, and we have presented the results of the appearing
resonances in terms of an experimentally measurable variable, the transverse invariant
mass of the `+1 `
−
1 `
+
2 ν final leptons. As it is illustrated in Fig. 61, the resonant peaks
emerge from the SM background, so one might expect them to be observed at the LHC.
Our numerical evaluation of the future event rates and sensitivities to these resonant
states are summarized in Table 12 and in Fig. 62.
These results in Table 12 demonstrate that even with a luminosity of 300 fb−1 a 1.5
TeV resonance corresponding to a = 0.9 could be seen in the leptonic channels with σstat`
around 3.
For L = 1000 fb−1, we estimate that these scenarios could be tested with a high
statistical significance and that a discovery of these resonances with masses close to 1.5
TeV could be done. Interestingly, for the highest luminosity considered, 3000 fb−1, all
the studied scenarios with resonance masses at and below 2 TeV and with a = 0.9 could
be seen. For the heaviest studied resonances (around 2.5 TeV), small hints with σstat`
slightly larger than 2 might as well be observed.
The sensitivities to other values of a in the interval [0.9, 1] have also been explored
leading to similar conclusions: the study of the lightest resonances will allow to access
values of a in the whole interval, while for the heaviest ones only the 0.9 case might be
mildly reached. The intermediate case, i.e., masses of around 2 TeV might help to probe
values of a between 0.9 and 0.95, closer to the SM expectation.
We have also explored in this Chapter, and in a very naive way, the semileptonic
and hadronic decay channels of the WZ scattering. We have concluded that, assuming
that no new backgrounds arise in these channels apart form the ones considered at the
level of WZjj events, the expectations for the hadronic and semileptonic case are very
promising. However, a more definitive conclusion regarding these channels demands a
more realistic study including showering and reconstruction of the final jets. This has
been performed in the case of WW scattering in Chapter 6.
In this Chapter 6 we have focused on the study of the vector resonances emerging
in the W+W− → W+W−. In this case, the neutral component of the isotriplet of vector
resonances, V0, is the one that resonantes in the s-channel, and therefore, the one that
can be accessed efficiently in this VBS process. Our study of these resonances at the
LHC by means of the process pp → WWjj is therefore complementary to the study in
Chapter 5. Besides, in contrast to the case in Chapter 5, we chose to focus on the fully
hadronic channel, in which the W boson decays are reconstructed as a single, large
radius (fat) jet, J, to perform our analysis.
We have studied in detail the final hadronic states in pp → J J jj events at the LHC
with two thin jets having the typical VBS topology and using the two fat jets for the tag-
ging of the two final W bosons. After the devoted reconstruction of the final jets we have
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set all our focus on searching for techniques that can reduce efficiently the most chal-
lenging background coming from QCD. We have found that the specific variables τ21(J),
MJ and MJ J are extremely helpful in this concern. We have performed a survey on the
expected rates for both the signal and the background, as well as for the corresponding
statistical significances of the associated BSM signal from the vector resonances, for the
six selected benchmark points of Table 10. The main results have been summarized in
Figs. 64 and 65, and in Tables 13 and 14, as well as in Table 15 where the optimal cuts
that we found are also presented. We have shown that most of the studied dynamical
vector resonances clearly emerge above the EW background but that not all of them
could be visible at the LHC due to the presence of the large QCD background.
With our optimal cuts in Table 15, only the BP1’ approaches the 5σ statistical signifi-
cance at the LHC with a luminosity of L = 3000 fb−1. The other point with the resonance
mass close to 1500 GeV, BP1, reaches a statistical significance slightly below 2. The BP2’
with a resonance mass close to 2000 GeV reaches a statistical significance of 3.14σ. The
BP2, BP3 and BP3’, with a statistical significance below 1, are extremely challenging to
observe. Only in the hypothetical situation that the QCD background were efficiently
suppressed, all the points, except BP3, could be observed.
For this reason, the fully hadronic channel via pp→W+W− jj could be studied with
L = 3000 fb−1, with the QCD background being a great challenge. It would be necessary
to perform a more detailed study of the SM QCD background, and, of course, to improve
the signal vs. background ratio. Some more sophisticated techniques like deep learning,
boost decision trees and others could be used to find better optimal cuts in a per-event
basis, and to deal with hidden correlations between the different variables, particularly
those characterising the fat jets. According to Table 15, BP1’, BP2’ and BP1 would be
clearly detectable if σstat could be improved by a factor 4 without running out of signal
events at L = 3000 fb−1.
Summarizing, in this Thesis we have presented a phenomenological analysis of vec-
tor boson scattering at the LHC in the search for new physics related to the electroweak
symmetry breaking dynamics described by the electroweak chiral Lagrangian. The elec-
troweak symmetry breaking sector is (or might be) related to a plethora of particle
physics phenomena that require explanations which are not contained in the Standard
Model and, therefore, the study of this kind of physics might lead us to some of the most
important achievements in modern physics.
Along this Thesis, we have seen that vector boson scattering observables at the LHC
are the most sensitive scenarios to look for this type of new interactions. For this reason,
the main conclusion of this Thesis is that dedicated searches and analyses of vector
boson scattering are the most promising window towards the understanding of the true
nature of the electroweak symmetry breaking sector. Our treasure is, for sure, around
the corner. Let us keep seeking for it!
CONCLUSIONES
El Modelo Estándar gobierna los mares de la física de partículas, pero la exploración de
los territorios desconocidos de alta mar sigue siendo necesaria si uno quiere alcanzar los
tesoros de la comprensión de la naturaleza al nivel más fundamental.
El SM es, sin duda, una de las teorías más excepcionales jamás postuladas, ya que sus
predicciones coinciden con las medidas experimentales con altísimos grados de precisión.
Sin embargo, este prodigioso marco teórico no posee la capacidad de explicar algunos
fenómenos relacionados con la física de partículas que han sido observados.
Resulta interesante plantearse que muchos de los problemas abiertos del SM están o
pueden estar relacionados con la ruptura espontánea de la simetría electrodébil, la cual
permite generar masas para los fermiones del SM y para los bosones gauge electrodébiles
de una forma en la que la invariancia gauge es manifiesta. Por lo tanto, estudiar el
sector de ruptura de la simetría electrodébil podría ayudarnos a arrojar algo de luz
sobre muchos de los misterios que la naturaleza aun guarda bajo la manga.
A pesar de que en el SM se describe el mecanismo de ruptura de la simetría elec-
trodébil, la verdadera naturaleza de su dinámica subyacente aun nos es desconocida,
por lo que se requiere física más allá del SM para poder entender este origen dinámico.
Una de las formas más eficientes de parametrizar estás contribuciones de nueva física es
utilizar teorías de campo efectivas, ya que permiten realizar un estudio independiente
de modelos concretos considerando, de algún modo, diversos posibles escenarios a altas
energías al mismo tiempo.
En el Capítulo 1 se presentó, por tanto, un repaso de las principales características
de la ruptura espontánea de la simetría electrodébil y se introdujeron diferentes descrip-
ciones efectivas de posibles sectores asociados a dicha ruptura más allá del SM. De entre
estas teorías efectivas, se concluyó que el llamado Lagrangiano quiral electrodébil con
un Higgs ligero (también llamado teoría de campos efectiva del Higgs) corresponde al
escenario más general que puede construirse respetando las simetrías relevantes: las
simetrías electrodébiles quiral y gauge. Además, el EChL resulta ser la teoría efectiva
más apropiada para describir la dinámica a bajas energías de las interacciones entre
bosones electrodébiles en el contexto de un sector de ruptura de la simetría electrodébil
que interacciona fuertemente, hipótesis motivada actualmente. En consecuencia, consid-
eramos que el EChL es la herramienta apropiada para describir la dinámica subyacente
de la ruptura espontánea de la simetría electrodébil, y, por lo tanto, en esta Tesis ha sido
empleado como la base teórica con la que estudiar desviaciones con respecto del SM en
el sector bosónico .
Desde el punto de vista fenomenológico, el scattering de bosones vectoriales ha sido
considerado como el observable clave a la hora de buscar estas desviaciones. Debido a
que el EChL asume, a priori, una dinámica escalar acoplada fuertemente, las señales más
claras de este tipo de nueva física deberían aparecer en las interacciones entre bosones
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de Goldstone electrodébiles. No obstante, estas partículas no son físicas, y por lo tanto
no pueden ser observadas de forma directa.
Existe, sin embargo, una relación muy estrecha entre los bosones de Goldstone elec-
trodébiles y los componentes longitudinales de los bosones gauge electrodébiles. El
teorema de equivalencia relaciona las amplitudes de scattering de los bosones W y Z,
a altas energías, con la de sus bosones de Goldstones correspondientes, lo cual motiva
la conclusión de que los procesos de VBS deberían ser los más sensibles a un sector de
ruptura de la simetría electrodébil que interacciona fuertemente.
Además, en el EChL la escala asociada a la nueva física está relacionada con la escala
del TeV, ya que la cantidad con dimensiones que controla la expansión quiral corre-
sponde a 4piv ∼ 3 TeV. Por esta razón el LHC es el experimento óptimo para buscar
nueva física en observables de tipo VBS ya que actualmente se encuentra explorando la
región energética del TeV.
Por todos estos motivos, esta Tesis respresenta un estudio fenomenológico de las
señales del EChL en observables de tipo VBS en el LHC, con el objetivo de avanzar en la
comprensión de la verdadera naturaleza del sector de ruptura de la simetría electrodébil.
Para ello, en el Capítulo 2, se ha llevado acabo un análisis exhaustivo de las propiedades
del VBS a nivel de subproceso tanto en el SM como en el EChL, para, posteriormente,
caracterizar las topologías de tipo VBS en el LHC gracias de la configuración cinemática
de los dos jets del estado final. Estos jets pueblan las regiones del detector forward
y backward (hacia adelante y hacia atrás con respecto al haz de protones) y poseen
grandes separaciones en pseudorapidez y altas masas invariantes. Estos atributos resul-
tan esenciales para rechazar fondos no deseados permitiendo identificar de manera muy
eficiente los procesos de VBS en el LHC.
Con estas propiedades en mente, y tras realizar un repaso, también en el Capítulo 2,
del presente estatus experimental de las búsquedas de VBS en el LHC, se han analizado
diferentes ejemplos de cómo estos observables pueden emplearse en la exploración de
señales de nueva física descritas por el EChL.
El primero de estos ejemplos, correspondiente al estudio realizado en el Capítulo
3, está enfocado a la obtención de la sensibilidad del LHC a desviaciones del autoa-
coplamiento del Higgs λ con respecto a su valor del SM en la producción de dos bosones
de Higgs en VBS. La determinación precisa de este parámetro, especialmente en el caso
de que su medida se realizara de forma independiente a la de la masa del Higgs, permi-
tiría comprender la verdadera naturaleza del mecanismo de Higgs, y, por lo tanto, de la
ruptura de la simetría electrodébil.
Tras caracterizar los subprocesos de nuestro interés, WW → HH y ZZ → HH, y su
traducción directa al caso del LHC, pp→ HHjj, se ha enfocado el estudio en el proceso
completo con cuatro b−jets y dos jets de quarks ligeros, pp → HHjj → bb¯bb¯jj, ya que
este posee la mayor sección eficaz. Aplicando todos los criterios de selección analizados,
basados en la cinemática característica del VBS y en la reconstrucción de los candidatos
a parejas HH, se han proporcionado las predicciones para la sensibilidad a valores de λ
más allá del SM en eventos de tipo pp → bb¯bb¯jj a nivel partónico para √s = 14 TeV y
para diferentes luminosidades esperadas: L = 50, 300, 1000, 3000 fb−1. Los principales
resultados quedan recogidos en la Table 7 y en la Fig. 36, en las que se presentan los
valores de κ = λ/λSM a los que el LHC sería sensible a niveles de 3σ y 5σ.
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Asimismo, también se han obtenido las predicciones para el proceso completo con
dos fotones, dos b−jets y dos jets de quarks ligeros, pp → bb¯γγjj, también a nivel
partónico y para
√
s = 14 ya que, éste proporciona una señal más limpia, aunque tam-
bién más pequeña. Los resultados de las sensibilidades al autoacoplamiento del Higgs
correspondientes a este caso, después de la aplicación de los criterios de selección apropi-
ados, se resumen en la Tabla 9 y en la Fig. 38.
También se muestran las predicciones para el interesante caso de L = 1000 fb−1
de cómo varía la sensibilidad a los valores de λ más allá del SM cuando se consideran
resultados yendo más allá del nivel partónico naïf. Se ha discutido el impacto de las
eficiencias de identificación de quarks bottom y de fotones, de los efectos del dectector
y de la resolución de la reconstrucción de la masa del Higgs, dando lugar a un factor de
reducción total de, como mucho, 0.2 en la significancia estadística para el caso pp →
bb¯bb¯jj y de 0.5 para el caso pp→ bb¯γγjj, como puede verse en la Fig. 41.
Los cambios correspondientes a la sensibilidad a κ se traducen en el hecho de que,
para esta luminosidad, el LHC sería sensible a κ > 6.2 (7.7) al nivel de 3σ (5σ) para
el canal bb¯bb¯jj y a κ > 7.7 (9.4) para el canal bb¯γγjj. Para una luminosidad de L =
3000 fb−1 se han obtenido factores de reducción similares. De hecho, los valores de
κ accesibles en esta última etapa del HL-LHC a través de configuraciones de tipo VBS
corresponden a κ > 5.0 (6.3) al nivel de 3σ (5σ) para el caso bb¯bb¯jj y a κ > 6.1 (8.0) para
el caso bb¯γγjj.
El presente estudio muestra que la producción de dos bosones de Higgs a través de
VBS en el LHC es una opción viable y prometedora para medir desviaciones con respecto
al SM del valor del autoacoplamiento del bosón de Higgs, así como para comprender de
manera profunda el sector escalar del SM. Aunque todas las simulaciones han sido re-
alizadas a nivel partónico, sin hadronización ni simulación de respuesta del detector, y,
por tanto, deberían ser entendidas como una primera aproximación naïf, se ha concluido
que los valores de λ más cercanos al del SM son, sin duda, los más difíciles de observar
en este colisionador. Por otro lado, se han obtenido resultados muy competitivos para
la sensibilidad a valores de λ más allá del SM. Por esta razón creemos firmemente que
la producción de dos bosones de Higgs en VBS dará lugar a resultados muy interesantes
(además de complementarios a los correspondientes iniciados en fusión de gluones) so-
bre la verdadera naturaleza del bosón de Higgs.
El segundo ejemplo estudiado en esta Tesis está relacionado con la violación de uni-
taridad presente en el scattering de bosones gauge electrodébiles. Tal como se introdujo
en los Capítulos 1 y 2, las predicciones derivadas de las teorías efectivas sufren prob-
lemas de violación de unitariedad debido a la estructura energética de los operadores
que contienen. Estas predicciones son en principio incompatibles con la teórica cuántica
de campos subyacente y por lo tanto no pueden ser empleadas en la interpretación de
los datos experimentales con el objetivo de obtener información sobre la teoría efectiva.
Para solucionar este problema se utilizan métodos de unitarización, tal como se explicó
en el Capítulo 1.
Existen muchas opciones para volver unitarios los observables no unitarios calcula-
dos directamente desde la teoría efectiva y esta ambigüedad supone una incertidumbre
teórica que ha de tenerse en cuenta al acotar el espacio de parámetros de estas teorías.
En el Capítulo 4 se cuantifica por primera vez esta incertidumbre estudiando el scat-
tering elástico WZ en el LHC. Primero se estudian los valores de los coeficientes del
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Lagrangiano O(p4), ai, para los que tiene lugar la violación de unitariedad concluyendo
que los operadores más relevantes a este respecto son aquellos controlados por a4 y a5,
que parametrizan las interacciones anómalas de cuatro bosones débiles. También se
analiza la relevancia en el proceso de unitarización de los distintos canales de helicidad
que participan en el scattering. A pesar de que actualmente en la mayor parte de estu-
dios sobre efectos de unitarización se asumen que el canal puramente longitudinal es
suficiente para entender el problema de la violación de unitariedad, en esta Tesis se ha
considerado de mucha importancia el hecho de tener en cuenta el sistema completo de
canales de helicidad acoplados, ya que la condición de unitaridad los relaciona entre sí.
Con todo esto en mente se han estudiado las predicciones de cinco métodos de uni-
tarización: Cut off, Form Factor, Kink, K-matrix y Método de la Amplitud Inversa, ya que
son los más comúnmente utilizados en la literatura, tanto a nivel de subproceso como
en el LHC, apoyándose en este último caso en la aproximación W efectiva (EWA de sus
siglas en inglés). De hecho, se ha comprobado que las predicciones de la EWA utilizando
las funciones mejoradas presentadas en [239] concuerdan satisfactoriamente con los re-
sultados completos de MadGraph tanto para la sección eficaz del SM como para la del
EChL, así como para las distribuciones en masa invariante correspondientes. Al analizar
las predicciones de cada uno de estos métodos en comparación con las de la pura teoría
efectiva y las del SM, resulta evidente que cada uno de ellos da lugar a resultados muy
diferentes, y que este hecho debería ser tenido en cuenta a la hora de imponer cotas al
espacio de parámetros de la teoría efectiva.
Por esta razón, basándose en los resultados de ATLAS para
√
s = 8 TeV se ha constru-
ido la región de exclusión en el plano [a4, a5] para los distintos métodos de unitarización
al 95% de nivel de confianza. Los resultados correspondientes quedan recogidos en la
Fig. 48, de la que pueden extraerse conclusiones muy interesantes. La más importante
de ellas es la diferencia presente entre las distintas cotas a los parámetros que pueden
derivarse utilzando un método u otro. Éstas pueden variar incluso en un orden de mag-
nitud y en la correlación existente entre los parámetros a4 y a5, lo cual indica claramente
que la utilización de un sólo método a la hora de interpretar los datos experimentales
no tiene en cuenta el marco completo de la teoría efectiva. Por lo tanto, se infiere que ya
que las diferentes prescripciones de unitarización dan lugar a resultados muy diferentes
todas deben tenerse en cuenta simultáneamente para poder proporcionar una cota fiable
a los parámetros de la teoría efectiva.
La principal conclusión de este Capítulo 4 es, a la vista de los resultados, que sin
duda existe una incertidumbre teórica asociada a la determinación experimental de los
parámetros de la teoría efectiva debido a la elección del método de unitarización. Como
primera aproximación, se ha cuantificado dicha incertidumbre analizando las predic-
ciones de eventos pp→ WZ+X en el LHC calculadas en el EChL para diferentes valores
de a4 y a5 y unitarizadas de diversas formas. Creemos firmemente que es muy importante
tener en cuenta esta incertidumbre a la hora de utilizar las cotas experimentales de los
parámetros de la teoría efectiva para poder considerar correctamente sus propiedades
completas.
Los resultados mostrados conciernen particularmente al caso no resonante, en el
que se esperan desviaciones suaves respecto del continuo del SM. Sin embargo, una
característica típica de las teorías fuertemente acopladas, como las descritas por el EChL,
es la aparición de resonancias pesadas en el espectro generadas dinámicamente desde
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las interacciones fuertes. Por este motivo, en los Capítulos 5 y 6, se ha estudiado la
producción y sensibilidad a resonancias dinámicas vectoriales en observables de VBS en
el LHC.
Para poder estudiar el caso resonante, se ha trabajo en el marco del EChL suplemen-
tado por el Método de la Amplitud Inversa (IAM de sus siglas en inglés). Adicionalmente
se ha introducido un Lagrangiano quiral efectivo, capaz de describir las resonancias
vectoriales, correspondiente a un Lagrangiano de Proca modificado que es capaz de re-
producir las propiedades de las resonancias generadas dinámicamente por la IAM. Las
amplitudes del VBS calculadas en el EChL y unitarizadas con la IAM presentan polos
en
√
s = (MV − iΓV/2)2 para valores determinados de los parámetros quirales. Esto
permite construir un modelo, al que se ha bautizado como IAM-MC, que resulta muy
útil para un análisis de eventos de Monte Carlo, ya que, al contrario que la IAM, puede
ser implementado directamente en términos de funciones de cuatro puntos. Además,
el modelo IAM-MC proporciona amplitudes de VBS unitarias que respetan la cota de
Froissart dada en la Eq. (135).
Con esta herramienta se han estudiado dos canales diferentes de VBS en el LHC en
los que pueden emerger las resonancias del isotriplete V0,V± generadas por la IAM. El
Capítulo 5 se ha centrado en el estudio del proceso pp → W+Zjj debido a que, en este
caso, sólo la resonancia cargada V± se propaga en el canal s y a que no sufre de fondos
asociados tan severos como en otros canales.
Primeramente se han seleccionado seis puntos específicos en el espacio de parámet-
ros del IAM-MC que albergan resonancias vectoriales emergentes con masas interesantes
desde el punto de vista fenomenológico: MV = 1.5, 2 and 2.5 TeV. Estos escenarios se
han empleado para realizar un estudio completo de eventos de Monte Carlo asociados
a las resonancias generadas dinámicamente. Los otros nueve escenarios que también se
han considerado se han utilizado para explorar en más profundidad la sensibilidad al
parámetro a en el rango (0.9, 1) (b se ha tomado en todos los casos como b = a2).
Estudiando las distribuciones cinemáticas de la señal, W+Zjj, y de los fondos más
relevantes, se han definido los cortes de VBS apropiados que permiten diferenciar de
manera eficiente los procesos con topologías de VBS del resto. Con estos cortes en
mente se ha estudiado el canal de desintegración puramente leptónico del par WZ ya
que, a pesar de sus modestas secciones eficaces, proporciona una señal muy limpia en el
LHC.
En este sentido se han presentado los resultados asociados al canal leptónico `+1 `
−
1 `
+
2 νjj,
` = e, µ de la aparición de las resonancias en términos de una variable que puede ser
medida experimentalmente: la masa transversa de los leptones finales. Tal como queda
ilustrado en la Fig. 61, los picos resonantes emergen claramente del fondo del SM, por lo
que se esperaría que pudieran ser observados en el LHC. La evaluación numérica de los
eventos esperados futuros así como de las sensibilidades a estas resonancias se resume
en la Tabla 12 y en la Fig. 62.
Los resultados de la Tabla 12 demuestran que incluso para una luminosidad de
300 fb−1, la resonancia de masa 1.5 TeV correspondiente a a = 0.9 podría ser detec-
tada en el canal leptónico con una significancia de σstat` ∼ 3.
Para L = 1000 fb−1 se ha estimado que los escenarios asociados a este valor ligero de
masa, 1.5 TeV, podrían dar lugar al descubrimiento de estos modos resonantes dado que
su significancia estadística se aproxima a los 5σ. Es también interesante mencionar que
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para la luminosidad más alta de las aquí consideradas, 3000 fb−1, todas las resonancias
estudiadas con masas en y por debajo de 2 TeV para el caso a = 0.9 podría ser obser-
vadas en el LHC. Para las resonancias más pesadas tan sólo se alcanzarían significancias
ligeramente por encima de 2σ.
Las sensibilidades a otros valores de a en el intervalo (0.9, 1) también se han explo-
rado dando lugar a conclusiones similares: el análisis de las resonancias más ligeras
permitiría acceder a todos los valores considerados de a, mientras que para las más
pesadas únicamente el caso a = 0.9 podría alcanzarse ligeramente. El escenario inter-
medio, asociado a masas de 2 TeV, ayudaría a testar valores de a entre 0.9 y 0.95, más
próximos al valor esperado en el SM.
En este Capítulo también se han estudiado de una forma muy preliminar los casos
hadrónico y semileptónico del scattering WZ. A este respecto se ha concluido que, asum-
iendo que no existen más fondos en estos canales aparte de los ya considerados al nivel
de WZjj, las expectativas de observación de las resonancias son muy prometedoras. No
obstante, para poder alcanzar una conclusión más definitiva es necesario llevar a cabo
un estudio más realista que tenga en cuenta efectos de hadronización y reconstrucción
de los jets finales. Este estudio se ha realizado precisamente en el Capítulo 6 para el
caso del WW scattering.
Dicho Capítulo 6 se ha centrado en el estudio de las resonancias vectoriales emer-
gentes en el proceso de scattering W+W− → W+W−. En este caso, el componente
neutro del isotriplete de resonancias vectoriales, V0, es el que resuena en el canal s, y,
por tanto, al que puede accederse en el LHC a través de este tipo de configuraciones. El
análisis realizado para este tipo de resonancias en el proceso pp → WWjj es, por tanto,
complementario al estudio presentado en el Capítulo 5. Además, en el Capítulo 6 se
ha centrado la exploración del canal puramente hadrónico en el que los productos de
desintegración de cada W se reconstruyen como un sólo (fat) jet J, contrariamente al
caso leptónico analizado en el Capítulo 5.
Por tanto, en el Capítulo 6 se ha estudiado en detalle el estado final hadrónico J J jj en
el LHC con dos thin jets y dos fat jets empleados para identificar los bosones W. Tras una
reconstrucción exhaustiva de los jets finales el análisis se ha centrado en la búsqueda de
técnicas con las que reducir de forma eficiente el fondo más problemático, proveniente
de eventos de QCD, concluyéndose que las variables τ21(J), MJ y MJ J son extremada-
mente útiles al respecto. Con esto en mente, se ha realizado un estudio comparativo
de los resultados esperados, tanto para la señal como para el background en los casos
presentados en la Tabla 10, de la sección eficaz y de la significancia estadística asociada
a las resonancias vectoriales. Los principales resultados obtenidos quedan recogidos en
las Figs. 64 y 65, en las Tablas 13 y 14, y en la Tabla 15, donde se muestran, además, los
cortes óptimos encontrados. Se ha demostrado que la mayor parte de las resonancias
estudiadas emergen claramente sobre el fondo electrodébil, pero que, no obstante, no
todas podrían ser visibles en el LHC debido a la presencia del gran fondo de QCD.
Con los cortes óptimos presentados en la Table 15, tan sólo el BP1’ alcanza una sig-
nificancia estadística cercana a 5σ para una luminosidad de L = 3000 fb−1. Para el otro
punto seleccionado con una masa próxima a 1.5 TeV, el BP1, la significancia estadística
resulta ser algo menor a 2σ para esta misma luminosidad, mientras que el BP2’, con una
masa cercana a 2 TeV llegaría a los 3.14σ. Los demás puntos, BP2, BP3 y BP3’, con una
significancia por debajo de 1 resultarían extremadamente difíciles de observar. Sólo en
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el caso hipotético de que el fondo de QCD pudiera ser suprimido eficientemente podrían
observarse todas las resonancias escogidas salvo la correspondiente al BP3.
Por estos motivos, se ha concluido que el canal puramente hadrónico asociado al
proceso pp → W+W− jj podría ser estudiado en el LHC con una luminosidad de L =
3000 fb−1 teniendo en cuenta que el control del fondo de QCD representa el mayor
reto en dicho estudio. Un análisis más detallado de este fondo, empleando técnicas
más sofisticadas como deep learning o boost decision trees, sería necesario para poder
observar las resonancias generadas dinámicamente por la IAM. Estas técnicas podrían ser
utilizadas para lidiar con correlaciones ocultas entre diferentes variables, en particular
aquellas asociadas a los fat jets. De acuerdo con los resultados de la Tabla 15, los
puntos BP1’, BP2’ y BP1 podrían ser claramente detectados si la significancia estadística
pudiera mejorarse en un factor 4 sin renunciar a demasiados eventos de señal para una
luminosidad de L = 3000 fb−1.
Como resumen, podemos decir que en esta Tesis se ha presentado un análisis de
la fenomenología del scattering de bosones vectoriales en el LHC con el objetivo de
buscar nueva física asociada a la dinámica de ruptura de la simetría electrodébil descrita
por el Lagrangiano quiral electrodébil. El sector de ruptura espontánea de la simetría
electrodébil está (o podría estar) relacionado con una gran número de fenómenos de la
física de partículas para los que aun no existe una explicación satisfactoria, y, por tanto,
el estudio de su física asociada podría conducir a uno de los mayores logros de la física
moderna.
A lo largo de esta Tesis se ha visto que los observables de scattering de bosones
vectoriales en el LHC son los más sensibles a este tipo de nueva física. Por esta razón,
la principal conclusión de este trabajo de investigación es que los estudios dedicados,
completos y exhaustivos de este tipo de observables son y serán, sin duda, la ventana
más prometedora hacia la comprensión de la verdadera naturaleza del sector de ruptura
de la simetría electrodébil. Nuestro tesoro está a la vuelta de la esquina. ¡Sigamos
buscándolo!
APPENDICES
A RELEVANT FEYNMAN RULES FOR VECTOR BOSON SCATTERING
IN THE STANDARD MODEL
In this appendix we collect the relevant SM Feynman rules for vector boson scattering
processes in the unitary gauge at the tree level. We use here and in the following the
short notation cw = cos θW . We also label the momenta according to the charge of the
associated particle. This way, p±,0 refers to an incoming W± or a Z/γ respectively.
W+µ
Zν
W−ρ VSMW+µ W−ρ Zν = igcw
[
gµν(p0 − p+)ρ + gνρ(p− − p0)µ + gµρ(p+ − p−)ν
]
W+µ
γν
W−ρ VSMW+µ W−ρ γν = ie
[
gµν(p0 − p+)ρ + gνρ(p− − p0)µ + gµρ(p+ − p−)ν
]
W+µ
W−ν
H
VSMW+µ W−ν H = ig mWgµν
Zµ
Zν
H
VSMZµZνH =
ig mW
c2w
gµν
W+µ
W−ν
W+ρ
W−σ
VSMW+µ W−ν W+ρ W−σ = ig
2
[
2gµρgνσ − gµνgρσ − gµσgνρ
]
W+µ
Zν
W−ρ
Zσ
VSMW+µ W−ρ ZνZσ = −ig
2c2w
[
2gµρgνσ − gµνgρσ − gµσgνρ
]
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Zµ
Zν
Zρ
Zσ
VSMZµZρZνZσ = 0
W+µ
γν
W−ρ
γσ
VSMW+µ γνW−ρ γσ = −ie
2
[
2gµρgνσ − gµνgρσ − gµσgνρ
]
W+µ
W−ν
H
H
VSMW+µ W−ν HH =
ig2
2
gµν
Zµ
Zν
H
H
VSMZµZνHH =
ig2
2c2w
gµν
B RELEVANT FEYNMAN RULES FOR VECTOR BOSON SCATTERING
IN THE ELECTROWEAK CHIRAL LAGRANGIAN
In this appendix we summarize the relevant EChL Feynman rules for vector boson scatter-
ing processes in the unitary gauge at the tree level. These are computed from Eqs. (46)-
(47) with the same conventions regarding the signs and momenta labelling than in the
previous appendix. We present these Feynman rules with the SM part singled out for an
easier comparison.
W+µ
Zν
W−ρ V
EChL
W+µ W−ρ Zν
= VSMW+µ W−ρ Zν −
ig3
cw
{
a3
[
gµρ(p+ − p−)ν + gµν(c2wp0 − p+)ρ
+gνρ(p− − c2wp0)µ
]
+ s2w (a1 − a2)
[
p0µgνρ − p0ρgµν
]}
W+µ
γν
W−ρ VEChLW+µ W−ρ γν = V
SM
W+µ W−ρ γν
+ ieg2(a1 − a2 + a3)
[
p0µgνρ − p0ρgµν
]
W+µ
W−ν
H
VEChLW+µ W−ν H = V
SM
W+µ W−ν H
+ ig mW(a− 1) gµν
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Zµ
Zν
H
VEChLZµZνH = V
SM
ZµZνH +
ig mW
c2w
(a− 1) gµν
W+µ
W−ν
W+ρ
W−σ
VEChLW+µ W−ν W+ρ W−σ = V
SM
W+µ W−ν W+ρ W−σ
+ ig4
{
a4
[
2gµρgνσ + gµσgνρ
+gµνgρσ
]
+ 2a5
[
gµσgνρ + gµνgρσ
]
−2a3
[
2gµρgνσ − gµσgνρ − gµνgρσ
]}
Zµ
Zν
Zρ
Zσ
VEChLZµZρZνZσ =
2ig4
c4w
(a4 + a5)
[
gµνgρσ + gµσgνρ + gµρgνσ
]
W+µ
Zν
W−ρ
Zσ
VEChLW+µ W−ρ ZνZσ = V
SM
W+µ W−ρ ZνZσ
+
ig4
c2w
{
a4
[
gµνgρσ + gµσgνρ
]
+2a5
[
gµρgνσ
]
+ 2c2wa3
[
2gµρgνσ − gµνgρσ
−gµσgνρ
]}
W+µ
γν
W−ρ
γσ
VEChLW+µ γνW−ρ γσ = V
SM
W+µ γνW−ρ γσ
W+µ
W−ν
H
H
VSMW+µ W−ν HH = V
SM
W+µ W−ν HH
+
ig2
2
(b− 1)gµν
Zµ
Zν
H
H
VEChLZµZνHH = V
SM
ZµZνHH +
ig2
2c2w
(b− 1)gµν
C RELEVANT FEYNMAN RULES FOR VECTOR BOSON SCATTERING
IN THE IAM-MC
In this appendix we present the relevant IAM-MC Feynman rules for vector boson scatter-
ing processes in the unitary gauge at the tree level. These are computed from Eq. (132)
with the same conventions regarding the signs and momenta labelling than in the previ-
ous appendices.
W+µ
Zν
V −ρ
VIAM-MCW+µ ZνV−ρ = −V
IAM-MC
W−µ ZνV+ρ
=
ig2
4cw
{
2gV
[
gρµpVν − gρνpVµ
]
+ fV
[
gµν (p+ − p0)ρ − gρµp+ν + gρνp0µ
]}
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W+µ
W−ν
V 0ρ
VIAM-MCW+µ W−ν V0ρ =
ig2
4
{
2gV
[
gρνpVµ − gρµpVν
]
+ fV
[
gµν (p− − p+)ρ − gρνp−µ + gρµp+ν
]}
Furthemore, the resonance propagator reads:
V
µ ν
−i
p2 −M2V
(
gµν − p
µ
V p
ν
V
M2V
)
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